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chlorate. A portion of the salt, the amount of which depends on

external circumstances, and especially on the nature of the vessel and
the presence of solid impurities in the salt, decomposes into oxygen
and potassium chloride

;
another portion, however, passes into a

compound richer in oxygen.
If potassium chlorate is kept heated to a temperature somewhat

above its melting point, the evolution of oxygen, which is at first con-

siderable, becomes slower and ceases long before the oxygen present
has been expelled. At the same time solid crusts begin to separate
from the fused salt

;
and when the evolution of gas ceases, the salt has

also again become solid, although the temperature is not lower.

The salt mixture produced can be readily separated by crystallisa-

tion into potassium chloride, which is readily soluble, and a new salt

whose solubility in water is very small. It is obtained almost pure

by extracting the finely powdered mixture with cold water, whereby
most of the potassium chloride is removed, and dissolving the residue

in hot water. On cooling, the new salt crystallises out.

Analysis shows it to be composed of potassium, chlorine, and oxygen

according to the formula KC104,
and it is, therefore, the potassium salt

of a new anion, C104', called perchloranion. The salts of this acid are

the perchlorates.

Just as the potassium salt is obtained from the chlorate, the free per-
chloric acid is similarly formed from chloric acid when this is evaporated

by heating. By this treatment, a portion of the acid decomposes into

water, chlorine, and oxygen (p. 241) ;
another portion, however, takes

up oxygen from the decomposed portion and passes into perchloric acid.

The process in the case of the potassium salt is represented by the

following equation :

4KC10 = 3KC10

In the case of the acid the equation is the same except that K is

replaced by H.

Although the transformation is accompanied by evolution of oxygen,
this is not essential, for, by careful heating, it can be brought about

without escape of oxygen.
238. Properties of Perchloric Acid. Perchloric acid is much

more stable than the other oxy-acids of chlorine. Whereas the hypo-

chlorites, when treated with hydrochloric acid, are converted in-

stantaneously, and the chlorates pass readily into water and chlorine,

this decomposition takes place, in the case of the perchlorates, only on

boiling. Further, it is possible to distil perchloric acid and to obtain

perchloric acid by the distillation of perchlorates with sulphuric acid,

although the boiling point of the acid is fairly high.

The properties of perchloric acid differ markedly according as the

acid is completely anhydrous or contains a little water. Prepared
from potassium perchlorate by distillation with sulphuric acid, it is
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obtained as an oily liquid, boiling at over 200, which is stable and

exhibits no oxidising properties. It contains 70 per cent pure acid

and 30 per cent water. If this liquid is mixed with double its volume

of sulphuric acid and again distilled, the water is retained by the

sulphuric acid and the pure acid HC104 passes over as a strongly fuming

liquid. If the distillation is continued, an aqueous acid distils over

and combines in the receiver with the anhydrous acid, forming a crys-
talline hydrate of the composition HC104 +H20. From this, the pure
acid can be again obtained by careful distillation. The pure acid is

colourless, very volatile, has the density 1-78, and decomposes with

extreme readiness, so that on being brought in contact with oxidisable

substances it generally explodes with violence. When placed in water

it dissolves with a hissing sound and great evolution of heat, forming
a very stable solution which, on evaporation, again yields the oily,

stable, 70 per cent acid.

The cause of this great divergence of properties lies in the fact that

the aqueous acid contains perchloranion, whereas the anhydrous acid

does not (p. 207). The ion is much more stable than its hydrogen

compound the acid, and for this reason also the salts of perchloric
acid do not show any of the readiness to decompose which is manifested

by the free acid.

In perchloric acid we have another example of solutions whose

boiling point changes with the composition in such a way that it has

a maximum value at a definite concentration. The relations discussed

in detail in the case of hydrochloric acid (p. 209) are again met with

here
;

the fact, also, that the concentrated acid fumes in moist air is

further evidence of the similarity.
The succession of the products of interaction of chlorine and caustic

soda, which was indicated on p. 237, must, in accordance with what
has been said, be completed as follows :

t
24NaOH+12Cl2

12NaOCl+12NaCl

4NaClO3+20NaCl

3NaClO4+21NaCl

24 NaCl+6O2

For the sake of shortness, the 12H20, produced in the passage to

the second stage, have been omitted, since they take no further part
in the transformations.
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PREFACE

THE first sketch of the present work dates back double the time desig-

nated by Horace as necessary for the maturing of a literary work,

and some of the attempts to overcome the difficulties which were then

met with have occupied me during the whole period of my activity as

a teacher. The recognition that such a task is, by its nature, unlimited,

and that it is possible to round it off but not to bring it to a conclusion,

finally brought the resolution to maturity to give publicity to the

accompanying attempt.
The task which hereby presented itself was so to incorporate the

new notions and theories of scientific chemistry in the course of

instruction that the student would, from the beginning, be made

acquainted with the improved views instead of having first to learn

the older, untenable notions, only to find out later that these must

be abandoned. It was therefore necessary to alter considerably the

fundamental form which is at present found, with slight modification,

in the present text-books. I have endeavoured to do this only to such

an extent as appeared to be demanded by the object in view, and have

retained as much as was possible of the approved forms. If in this

respect I have been too radical in my procedure for the feelings of

some of my colleagues, it should be remembered that new cloth in old

garments will not suffice here. On the contrary, a connected whole

can be produced only when it is formed in its entirety by one mind

and executed according to one plan.

I have retained, in the first place, the nature-historical arrange-

ment of the subject-matter. One could, perhaps, even now venture

the experiment of constructing chemistry from the commencement as

a rational science on the basis of a few general principles, and of intro-

ducing the description of the various substances only in illustration of

these general laws. I have been deterred from this by the exigencies

of the historical connection, and by the recognition of the fact that the
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diversity of substances is too great and a knowledge of each of them

too important to allow of such a method of treatment being made use

of for instruction at the present time. The course I have pursued,

therefore, is to insert the general laws in the traditional frame of the

nature-historical arrangement according to elements and their com-

pounds, at those points where cause and opportunity for it presented

themselves. The task to be accomplished here has some resemblance

to an artistic problem ;
for the insertion of the general laws could not

be left to chance occasions, but these laws themselves had to follow a

systematic arrangement which would ensure their comprehension and

the recognition of their mutual connection. Accordingly, I cannot

regard the solution attempted by me as the only possible one, and

can imagine numerous other ways of attaining the end. It appeared
to me, however, to be worth while to endeavour to prove that such a

course of instruction is possible at all.

A text-book which pursues reformatory plans of the above nature

appeals naturally to two kinds of readers the teacher and the student,

and has therefore a double task to perform, which increases the labour

not a little. In this connection I have always, in cases of doubt, had

regard first to the requirements of the student, and have thereby been

led to a certain fulness of treatment which would not have been neces-

sary had I written exclusively for the teacher. If the latter has to

take much that is
"
self-evident

"
along with the rest, he has, on the

other hand, the convenience of finding the subject-matter already

formed into shape, and only requires to modify it according to his

personal views, without himself having to carry out the remoulding of

the material for his pupils.

With regard to the student, I have felt myself pledged to the

carrying out of the chief thought, viz. to offer him a really syste-

matically arranged subject, strictly developed in such a way that for

a comprehension of the new facts only a knowledge of that which

has preceded is assumed, not of that which follows. To render the

first duty more easy, the discussions which on a first reading may
be omitted, either because of their being more foreign to the subject

in hand or because of especial difficulties, are marked with an asterisk.

In all cases I have made it a rule to introduce general discussions

only when some readily intelligible facts furnished an example to

which these considerations were to be applied. I have therefore not

hesitated to return repeatedly to the same question whenever it ap-

peared to me that its complete discussion at the point where it was
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first introduced would lead too far afield. The beginner, especially,

I hope to have more than compensated for the loss of systematic
strictness which such a method makes necessary, by the assurance of a

greater familiarity with the subject.

For the carrying out of the rational construction of the chemical

system, a method has proved suitable which, as has meanwhile ap-

peared, was always applied by the recently deceased great master

of chemical investigation and teaching, Robert Bunsen. It consists in

giving a short summary of the chemical relations which are familiar

to every one from his daily life, after the fundamental concepts of

chemistry have been established, but before the regular description of

the substances and their transformations. This summary follows appro-

priately on the introduction of the concept of chemical elements ;
not

only does that concept thereby receive ample illustration, but the

further advantage is obtained that where, as so often occurs, the

necessity arises of mentioning substances which are treated only at a

later point of the course, reference can be made to what has there

been said.

I have exercised particular care in the development of the concept

of ions. Sufficient attention is perhaps not paid to the possibility,

the necessity even, of introducing this concept as a purely chemical

and not as an electrical one. Even although, historically, it arose

as the latter, its importance in chemistry depends essentially on its

giving expression to the chemical fact of the individual reactions of

the components of salts, and it is in this sense that I have developed

it. The facts of electrolysis and Faraday's law serve then only to

widen and to deepen the concept obtained by a chemical method. I

believe also that this is the way in which these views can be intro-

duced even at a very early stage of chemical instruction, without

making too great demands on the pupil.

In this connection I cannot refrain from expressing my conviction

that, compared with formerly, the demands made on the intellectual

co-operation of the student of chemistry must be increased. In pro-

portion as chemistry develops from the condition of a descriptive to

that of a rational science, it makes greater claims on the powers of

thought and abstraction of its disciples. In this respect it approaches

more and more to physics. Since, indeed, it is chiefly the same students

who are at the same time learning chemistry and physics, the intel-

lectual activity with which the student of physics is accredited may

also be claimed for the student of chemistry. I cannot conceal the



xii PEINCIPLES OF INORGANIC CHEMISTRY

fact that I have always been greatly grieved by the conscious descent

to a lower intellectual stage which is so often found in elementary

chemical text-books as compared with the text-books of physics or of

mathematics designed for the same period of study. This circum-

stance is certainly to a great extent the cause of the idea which so

readily arises among the younger physicists that chemistry is a science

of a lower rank.

If the present-day chemistry, therefore, makes greater demands on

the power of rational thinking, it also renders the purely memory
work of mastering the subject considerably more easy for the student.

The growth of the scientific interpretation and elucidation of the

separate facts of chemistry facilitates in the highest degree the im-

pression of them on the mind and their application, and at the same

time affords an incomparably greater intellectual enjoyment than the

study of the older, essentially descriptive chemistry could offer. Prom

the experience gained from laboratory teaching during a number of

years, I believe I may assert that it is just for those students who are

endowed with some tendency towards independent thinking that the

study of chemistry becomes both more easy and more living through
its presentation in the modern spirit.

A few words ought also to be said regarding the fact that the

intention of the present book is to be a text-book of pure chemistry.

Regard has been paid to the related sciences and arts only in so far as

chemical questions play a part in them. This holds in the first place

for chemical technology, and also for medicine, agriculture, political

economy, etc. The need of rendering palatable the
"
in itself dry

"

material of chemistry by the addition of such matter has not been

experienced by me, nor can I recognise its existence. The subject-

matter of chemistry is dry only when it is limited to an enumeration

of properties and to a collection of preparative receipts. So soon as

it is treated in a truly scientific manner, each chemical compound
becomes the centre of so much general and therefore interesting dis-

cussion that embarrassment is felt not on account of the lack but on

account of the abundance of relationships. In proportion as any branch

of study becomes more scientific, the necessity arises of restricting it

to its own sphere.

Of course we do not here speak against the acquirement of a solid

knowledge of the related sciences by the future chemist. On the con-

trary. But such knowledge will be all the more sound the more it is

acquired by special study directed to that object ;
for the indications,
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necessarily scanty and incomplete, to which a text-book of chemistry

must limit itself rather give rise to the danger that the student thinks

he knows things of which he has on some occasion heard such indica-

tions, and considers a closer study of them to be unnecessary.

Much might still be said to explain and justify the method of

treatment wherein the present book differs from others written for

the same purpose. The finding out and the criticism of these details,

however, ought, I think, to be left to the expert teacher of chemistry.

In the interest of the student, I have in all cases avoided a polemical

discussion of opposing opinions ;
and although I am prepared to grant

the possibility and probability of mistakes in the views which I have

here given as appearing to me to be the most appropriate, I neverthe-

less believe that I may assert that these views are the outcome of

careful consideration. The first three chapters, for example, were

rewritten four and, in part, five times before they assumed the form

which they now have. I would therefore beg the reader to believe,

in cases where doubt may exist, that there was some special reason

for the particular position adopted. This does not exclude but rather

involves my readiness, in any given case, to honour any opposing views.

May this book, then, which, in a certain sense, forms the coping-

stone of a long course of active work pursued with affection towards

the general introduction and extension of the new foundations of

chemistry laid by Horstmann, Willard Gibbs, van't Hoff, and Arrhenius,

achieve the good hoped for, and help to enlist and train new troops

for the victorious march of our splendid science.

I cannot conclude these introductory remarks without remembering

in gratitude the excellent assistance afforded me by Messrs. Bottger,

Bodenstein, Brauer, Luther, and Wagner, in that they read the proof-

sheets and gave me much good advice both as regards the form of

treatment and the subject-matter. My special thanks are further due

to Mr. Brauer for the preparation of the figures, over one hundred in

number, which were specially drawn for this book. It will be easily

seen that they are not diagrammatic, but sketched from apparatus actu:

ally put together ; they thereby form a considerable part of the didactic

portion of the book relating to the performance of experiments.

W. OSTWALD.

LEIPZIG, 31st July 1900,





TRANSLATOR'S PREFACE

IN presenting the accompanying translation of the Grundlinien der

anorganischen Chemie to English-speaking students, the translator

hopes to be thereby contributing somewhat to a more widespread

knowledge of the application of the more recent developments of

General Chemistry, and consequently to a more just appreciation of

their importance in the study of the other branches of the science.

In the present translation the mistakes which had crept into the

German edition have been, as far as possible, corrected, and otherwise

various minor changes have been made. As, however, these have all

been made either at the author's suggestion or with his approval,

special attention need not be drawn to them.

One change, however, relating to the nomenclature of the ions,

calls for special mention. The terminology adopted in this translation,

with the approval of the author, is that proposed by Professor James

Walker, F.E.S. (Chemical News, 1901, 84, 162). I would express

my thanks to Professor Walker for his kindness in placing this

nomenclature before me in time for its incorporation in the present

translation.

The proof-sheets have all passed through the hands of the author,

and I would here express my indebtedness to him for suggestions

made while the book was passing through the press. My best thanks

are also due to Messrs. E. S. Hutton, M.Sc., and Sydney A. Kay,

B.Sc., for their invaluable assistance in reading the proof-sheets.

A. F.

UNIVERSITY COLLEGE,

LONDON, January 1902.
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PEEFACE TO THE SECOND EDITION

THE fact that, in the space of three years, the four thousand copies

forming the first edition were entirely exhausted, has given me the

assurance that in spite of certain, in some cases passionate, opposition

to the line of instruction set forth in this book, a large and increasing

number of younger and older fellow-chemists believe, with me, in the

suitability of these new methods. This impression was strengthened

by the fact that the translations into English and Russian which have

appeared have also reached a circulation which is to be numbered by
thousands of copies. Translations into Japanese and French are also

about to appear. Lastly, I believe that the same interpretation may
be placed on the fact that in several text-books, both in German and

in other languages, these new ideas have been adopted and applied by

other authors.

I have, therefore, found no cause for making any essential changes

in this book, although I have felt it to be my duty to subject the

material to a careful revision, and, where necessary, to correct or

amplify it. In the case of the introductory paragraphs, I have again

felt the desirability of rewriting them, and of developing the funda-

mental conceptions in a clearer and more concise manner.

In carrying out the revision I have enjoyed the excellent assistance

of Dr. Herbert Freundlich, to whom I would here express my sincere

thanks for his extensive and intelligent aid. In expressing my thanks

to the numerous colleagues and fellow-chemists who have assisted me

by the communication of printer's errors and of objections, I would

also make the request that they will lend their valuable co-operation

in the case also of this new edition. For such assistance I am indebted
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more especially to my colleagues, Professors Abegg and Vater
;

as also

to the translator of the English edition, Dr. Alex. Findlay. Perhaps,

also, I may hope that as the book passes into those quarters which

have hitherto held themselves more aloof from the newer chemistry,

criticism from the point of view of the requirements existing there,

may let me know the additions which may be necessary.

W. OSTWAMX

LEIPZIG, October 1903.

TRANSLATOR'S PREFACE TO SECOND EDITION

IN the present English edition the translation has been revised in

accordance with the second German edition published at the beginning

of the present year, and only a few alterations, necessitated by the

advance of investigation, have been introduced. Of these, the most

important is the section on uranium rays and radio-activity, which

has been entirely re-written by the author for this translation.

In revising the proof-sheets I have enjoyed the excellent co-opera-

tion of Mr. D. F. Twiss, M.Sc., to whom I would here express my
sincere thanks.

A. F.

BIRMINGHAM, July 1904.



PKEFACE TO THE THIRD EDITION

IN the present new edition of the Principles, the opening chapters have

been largely rewritten. As an old teacher of Chemistry it was some-

what of a surprise to me to discover that the usual description of

methods of preparation and properties of the different substances

must, on logical and systematic grounds, be preceded by a description
of the properties and preparations of the three states of matter, quite

independently of the chemical differences in the narrower sense. At

the same time it is necessary to discuss thoroughly the fundamental

concepts of phase and substance, which in this way alone can obtain

a scientific definition. To bring it into harmony with this new point
of view, the work, written eleven years ago, has been revised.

I have also added a new chapter in which a general discussion of

the chemistry of the radio-active substances has been given. The time

has not yet come for their inclusion in the general body of the science.

Finally the text has been enlarged in harmony with the extensions

which have taken place in the science.

My best thanks are due to Professor Dr. K. Drucker for his

exceedingly valuable assistance.

W. OSTWALD.

GROSS-BOTHEN, January -1912.

TEANSLATOE'S PREFACE TO TRIED EDITION

IN this Third Edition the fundamental character of the book remains

unchanged, and the changes in detail are not great. Here and there

slight mistakes have been corrected, and some additions made.

My best thanks are due to Mr. C. Gordon Smith, M.Sc., for his

assistance in revising the proof-sheets.
A. F.

BIRMINGHAM, March 1908.





CONTENTS

CHAPTER I

PAGE

GENERAL PRINCIPLES ...... 1

Bodies and Substances, 1. Experience, 2. Concepts and Laws of Nature, 2.

Time and Space, 3. Properties, 5. The Exactness of the Law of Pro-

perties, 6. How many Properties are necessary for the Character-

isation of a Substance ? 7. Induction, 8. The Characteristics of

Substances, 9. Colour, 9. The Physical State, 10. Summary, 11.

CHAPTER II

SUBSTANCES AND MIXTURES . . . . .12
Mixtures, 12. Different kinds of Mixtures, 13. Solid-Solid Mixtures, 14.

Solid-Liquid Mixtures, 16. Solid-Gas Mixtures, 18. Liquid-Liquid

Mixtures, 19. Liquid-Gas Mixtures, 20. General, 21. Summary, 22.

CHAPTER III

THE LAWS OF CONSERVATION . . . . .24
Change of Weight in Chemical Processes, 24. Experiments, 24. Conserva-

tion of Weight, 26. Some General Conceptions : Work, 27. The

Law of Conservation of Work, 28. Kinetic Energy, 29. Mass, 30.

Units, 30. Weight and Mass, 31. The Balance, 32. Density and

Extensity, 35. Measurement of Density and Extensity, 35. Densities

of Solid Bodies, 37. Influence of Pressure and Temperature on the

Density, 38. The other Kinds of Energy, 38. Summary, 40.

CHAPTER IV

CHANGE OF PHYSICAL STATE . .42
The Conditions of Existence, 42. Pressure, 43. Measurement of Pressure,

44. Temperature, 45. Fusion, 46. Solidification, 47. Co-existence

of the Solid and Liquid States, 47. Phases, 48. Super-cooling, .49.

Heat of Fusion and Solidification, 49. Unit of Heat, 50. The



xxii PEINCIPLES OF INORGANIC CHEMISTRY

Passage of Liquids into the Gaseous State, 50. Boiling, 52. The

Heat of Vaporisation of Liquids, 53. Superheated Liquids and Super-
cooled Vapours, 56. Phases and Degrees. of Freedom, 57. Influence

of Pressure on the Melting Point, 58. States of Equilibrium. Law of

Reaction, 59. The Triple Point, 59. Vapour Pressure of Solids, 60.

Sublimation, 61. Application to the Separation of Mixtures, 62.

Summary, 64.

CHAPTER V

SOLUTIONS........
Pure Substances and Solutions, 66. Preparation of Solutions, 67. Satura-

tion, 68. Influence of Temperature on Saturation, 69. Solidification

of Solutions, 70. Boiling of Solutions, 71. Preparation of Pure

Water, 72. Solutions of Volatile Substances, 74. Application of

Solution to the Separation of Mixtures, 75. Summary, 76.

CHAPTER VI

THE PHENOMENA OF COMBUSTION AND OXYGEN

Combustion, 78. Is Increase of Weight on Combustion Universal ? 79.

Behaviour of the Air during Combustion, 80. Oxygen, 80. Properties
of Oxygen, 82. Decomposition of Oxide of Mercury, 82. Combination,
83. Quantity Relations, 83. Deductive Derivation of the Law of

Constant Proportions, 84. Summary, 85.

CHAPTER VII

THE CHEMICAL ELEMENTS . . . . . .

Elements and Compounds, 87. The Elements, 89. Non-Metals : A. Hydro-
gen and the Halogens, 90. B. The Oxygen Group, 91. C. The

Nitrogen Group, 92. D. The Carbon Group, 94. E. The Argon Group,
95. The Light Metals : F. The Metals of the Alkali Group, 96. G.

The Alkaline Earth Metals, 96. H. The Earth Metals, 97. The Heavy
Metals : I. Metals of the Iron Group, 98. J. Metals of the Copper
Group, 100. K. The Other Metals, 102. L. The Radio-active Ele-

ments, 103. Historical, 104.

CHAPTER VIII

OXYGEN ........
General, 106. Oxygen, 106. Production from Potassium Chlorate, 106.

Identification of Oxygen, 107. Explanation of the Oxygen Reaction,
107. Combustion of other Substances, 108. Combustion of Iron, 108.

Oxides, 109. The Existence of Combustible Substances, 109. Slow



CONTENTS xxiii

Combustion, 110. Influence of Temperature on the Velocity, 110.

Physical Properties of Oxygen, 110. Normal Temperature and Normal

Pressure, 111. Boyle's Law, 112. The Law of Gay-Lussac and Dalton,
113. The Temperature Scale, 114. The Absolute Zero, 114. The
Absolute Temperature, 115. Simultaneous Validity of the Gas Laws,
115. The General Gas Law, 116. The Number of Variables : Degrees
of Freedom, 117. Geometrical Representation of the Gas Laws, 118.

The Law of Expansion, 119. Representation of Boyle's Law, 120.

Density of Oxygen, 121. Liquid Oxygen, 122. Commercial Oxygen,
122. Other Properties, 123. Ozone, 123. Characteristics, 124.

Pure Ozone, 124. Relation of Ozone to Oxygen, 125. Allotropy, 125.

Technical Application, 125.

CHAPTER IX

HYDROGEN........ 126

Preparation from Water, 126. Identification of Hydrogen, 126. Detection

of Oxygen from Water, 127. Other Methods of Preparation of Hydro-

gen, 127. Chemical "
Forces," 128. Preparation of Hydrogen from

Acids, 129. Drying of Gases, 131. Physical Properties of Hydrogen,
132. Molar Weight, 132. Experiments, 134. Behaviour of Hydrogen
at Higher Pressures, 135. Liquid Hydrogen, 135. Diffusion, 136.

Dalton's Law of Partial Pressures, 136. Velocity of Effusion, 137.

The Law of Effusion of Graham and Bunsen, 138. The Spectrum of

Hydrogen, 139. Hydrogen burns to Water, 141. Combustion of

Hydrogen by means of Oxygen Compounds, 141. Reversed Processes,

142. Tl^e Chemical "Forces," 143. Mass Action, 143. Chemical

Equilibrium, 144. Influence of Solid Substances on Chemical Equi-

librium, 145. The Oxyhydrogen Flame, 145. Detonating Gas, 148.

Further Particulars concerning the Combustion of Detonating Gas, 149.

Catalysis, 150.

CHAPTER X

WATER . . . . '... . . 152

General, 152. Preparation of Pure Water, 152. Properties : Colour, 152.

Density, 153. The Law of Continuity, 154. Graphic Representation,

155. The Coefficient of Expansion, 156. The Compressibility of

Liquid Water, 157. Ice, 157. Application of Ice, 159. Water

Vapour, 159. The Water Vapour in the Air, 160. Water as Solvent,
'

162. Relations between the Changes of the Vapour Pressure and of

the Freezing Point, 163. Chemical Properties of Water, 163. The

Quantitative Composition of Water, 164. The Ratio of Oxygen to

Hydrogen by Volume, 165. Decomposition of Water, 166. The Law
of Combination of Gases by Volume, 168. The Law of Combining

Weights, 168. Combining Weight of Hydrogen, 170. The Combining

Weights of the Elements, 170. The Accuracy of the Law of Combining



xxiv PRINCIPLES OF INORGANIC CHEMISTRY
PAGE

Weights, 173. Chemical Symbols and Formulae, 173. Chemical Equa-
tions, 174. The Atomic Hypothesis, 175. The Molecular Hypothesis, \

176. The Action of Sodium on Water, 178. Caustic Soda, 179. Deli-

quescent Substances, 180.

CHAPTER XI

HYDROGEN PEROXIDE . . . . . .181

Hydrogen Peroxide, 181. Hydrogen Peroxide as Oxidising Agent, 182. The
Molar Weight of Hydrogen Peroxide, 183. Preparation of Pure Hy-
drogen Peroxide, 184. Occurrence, 185. Catalysis, 185. Explosive

Properties of the Peroxide, 187. Chemical Heat Effects, 187. The
Heat of Formation of Water, 188. Thermochemical Equations, 190.

Heat Effects in the Decomposition of Hydrogen Peroxide, 190.

CHAPTER XII

CHLORINE . . . . . . . 193

Formation from Hydrochloric Acid and Oxygen, 193. Another Preparation
of Chlorine, 194. Properties of Chlorine, 195. Solubility in Water,
196. Decomposition of Chlorine Water in Light, 197. Chlorine

Hydrate : The Phase Law, 198. Chemical Properties of Chlorine, 199.

Combustion without Oxygen, 199. Sub-Chlorides and Chlorides, 200.

Chlorine and Hydrogen, 200. Indirect Formation of Hydrochloric
Acid, 201. Composition of Hydrogen Chloride, 202. Formation of

Hydrogen Chloride from its Elements, 203. Electrolytic Preparation
of Chlorine Detonating Gas, 204. Photochemical Actions, 205. Hydro-
chloric Acid, 206. Properties of Hydrogen Chloride, 207. Absorption
of Hydrogen Chloride by Water, 208. Hydrogen Chloride and Water,
209. Properties of Acids, 211. Acids and Bases, 212. Combining
Proportions between Acids and Bases, 213. Reciprocal Estimation of

Acids and Bases, 214. Volumetric Analysis, 215. Ions, 216. Salts

are Electrolytes, 218. Anions and Cations, 219. The First Law of

Faraday, 220. Electrical Units, 220. The Second Law of Faraday,
221. Primary and Secondary Products of Electrolysis, 222. Dis-

sociation of Electrolytes, 224. Electrolytic Solutions, 225. Thermo-

chemical Relations of Hydrogen Chloride, 227. Thermochemistry of

the Salts, 227.

CHAPTER XIII

OXYGEN COMPOUNDS OF CHLORINE . . . . .231

Oxygen Compounds of Chlorine, 231. Hypochlorous Acid, 232. Prepara-
tion of Acids from their Salts, 233. Properties of Hypochlorous Acid,

234. Decompositions of the Hypochlorites, 234. Law of Successive

Reactions, 235. Free energy, 236. Chlorine Monoxide, 237. Chlorates,

238. Preparation of Chloric Acid, 240. Solubility of Salts, 241. In- v



CONTENTS xxv

PAGE
fluence of Temperature and Pressure on the Solubility, 242. Relation
between Solubility and Heat of Solution, 243. Crystallisation, 244.

Behaviour of Mixed Salts, 245. Perchloric Acid, 245. Properties of

Perchloric Acid, 246. Other Oxygen Compounds of Chlorine, 248.

Thermochemical Relations of the Oxygen Compounds of Chlorine,
248. The Combining Weight of Chlorine, 250.

CHAPTER XIV

BROMINE, IODINE, FLUORINE . . . . .252

A. Bromine : General, 252. Hydrogen Bromide, 253. The Solution of

Hydrogen Bromide, 254. Oxy-acids of Bromine, 256. B. Iodine :

General, 257. The Law of Distribution, 258. Iodine Vapour, 258.

Starch Iodide, 260. Hydrogen Iodide, 260. Hydrogen Iodide and

Water, 262. Oxygen Compounds of Iodine, 263. Periodic Acid, 265.

Chlorides of Iodine, 265. C. Fluorine : General, 266. Preparation,
267. Properties, 267. Hydrogen Fluoride, 267. The Strength of

Acids, 269. Difference in Electrolytic Dissociation, 270. Actual and
Potential Ions, 272. The Dissociation of Salts, 274. Hydrolysis,
275. General Remarks on the Halogens, 276. Thermochemistry of the

Halogens, 278.

CHAPTER XV

SULPHUR AND ITS COMPOUNDS '

. , . . . . 281

A. Sulphur : General, 281. Forms of Sulphur, 281. Crystallisation from

the Fused Mass, 281. Crystallisation from Solution, 282. The Regions
of Stability, 282. Influence of Pressure on the Point of Transition,

282. Suspended Transformation, 283. Enantiotropy and Monotropy,
283. Other Forms of Sulphur, 283. Liquid Sulphur, 284. Amorphous
Sulphur, 284. Experiments, 285. Sulphur Vapour, 287. Purification

of Sulphur, 288. B. Crystals : General, 289. The Crystalline Forms,

289. The Symmetry of Crystals, 290. The Seven Systems of Crystals,

291. Derived Forms, 292. The other Properties of Crystals, 293.

Generalisation, 294. C. Sulphuretted Hydrogen : The Compounds of

Sulphur, 294. Hydrogen Sulphide, 295. Dibasic Acids, 295, The

Ions of Dibasic Acids, 296. The Salts of Hydrogen Sulphide, 297.

Preparation, 298. Properties, 299. The Solubility of Gases, 299.

Relation to the Law of Distribution, 300. The Strength of Hydrogen

Sulphide, 301. Theory of the Evolution of Hydrogen Sulphide from

Ion Sulphide, 301. Analytical Reactions of Hydrogen Sulphide, 302.

Hydrogen Sulphide as a Reducing Agent, 303. Preparation of Hydro-

gen Iodide, 303. Decomposition of Hydrogen Sulphide by Heat, 304.

Combustion of Hydrogen Sulphide, 304. Analysis of Hydrogen Sul-

phide, 304. Polysulphides, 305. Hydrogen Persulphide, 305. Ther-

mochemical Data, 305. D. Sulphur Dioxide and Sulphurous Acid :

Composition, 306. Physical Properties, 306. Sensitiveness to Light,

307. Behaviour towards Water, 307. Sulphurous Acid, 307. Dis-

sociation of Sulphurous Acid, 308. Bleaching Action, 308. Physio-



xxvi PEINCIPLES OF INOKGANIC CHEMISTRY
PAGE

logical Action, 309. Preparation, 309. Reducing Actions, 309. Pyro-

sulphurous Acid, 310. Thermochemical Relations, 310. E. Sulphur
Trioxide and Sulphuric Acid: Sulphur Trioxide, 311. Manufacture,
311. Properties, 312. Action of Water, 312. Sulphuric Acid, 312.

Manufacturing Process, 313. Action of the Oxides of Nitrogen, 314.

Concentration of the Acid, 314. Crude and pure Acid, 314. Solid

Sulphuric Acid, 315. Aqueous Sulphuric Acid, 316. The Ions of

Sulphuric Acid, 316. Applications of Sulphuric Acid, 317. Analytical

Test, 318. Decomposition of Sulphuric Acid, 319. Pyrosulphuric

Acid, 319. Thermochemical Relations, 320. F. Other Oxygen Acids

of Sulphur : Persulphuric Acid, 321. Hydrosulphurous Acid, 322.

Thiosulphuric Acid, 323. Polythionic Acids, 326. Dithionic Acid,

326. Trithionanion, 327. Tetrathionanion, 328. Pentathionic Acid,

328. G. Halogen Compounds of Sulphur : Chlorides of Sulphur, 329.

Chlorides of Sulphuric Acid, 329. H. Combining Weight of Sulphur,

CHAPTER XVI

SELENIUM AND TELLURIUM . . . . . .334

General, 334. Selenium, 334. Isomorphism, 336. Selenious Acid, 337.

Selenic Acid, 338. Chlorine Compounds of Selenium, 338. Tellurium,

339.

CHAPTER XVII

NITROGEN . . . . . . . .341

General, 341. Preparation and Properties, 341. The Air, 343. Oxygen
Compounds of Nitrogen, 345. The Chemical Properties of Nitric

Acid, 347. The Salts of Nitric Acid, 349. Nitrogen Pentoxide, 350.

Thermochemical, 350. Nitric Oxide, 350. Nitrogen Peroxide, 352.

The Law of Mass Action, 355. The Influence of Temperature on

Chemical Equilibrium, 356. Nitrous Acid, 357. Hyponitrous Acid,

358. Nitro-compounds, 359. Nitrosulphonic Acid, 361. Other Nitro-

compounds of Sulphuric Acid, 362. Aqua Regia, 362. Catalytic

Actions of the Oxides of Nitrogen, 363. The R61e of the Oxides of

Nitrogen in the Preparation of Sulphuric Acid. Transfer Catalysis,

364. Comparison of the Oxygen Compounds of Nitrogen with those of

the Halogens, 365. Ammonia, 365. Amido-compounds, 371. Other

Oxygen-Hydrogen Compounds of Nitrogen, 373. Hydrazine, 374.

Hydrazoic Acid, 375. Organic Nitrogen, 376.

CHAPTER XVIII

PHOSPHORUS ....... 377

General, 377. The Allotropic Modifications of Phosphorus, 378. Reciprocal

Transformation of the two Kinds of Phosphorus, 379. The Oxidation



CONTENTS xxvii

PAGl

of Phosphorus in Air, 380. Phosphorus Vapour, 382. Application of

Phosphorus, 383. Hydrogen Compounds of Phosphorus, 384. Halogen

Compounds of Phosphorus, 386. The other Halogen Compounds of

Phosphorus, 388. Oxygen Compounds of Phosphorus, 388. Phos-

phorus Pentoxide, 389. The Phosphoric Acids, 390. Pyrophosphoric

Acid, 393. Metaphosphoric Acid, 393. Chlorides of Phosphoric Acid,

394. Phosphorous Acid, 395. Hypophosphorous Acid, 398. Hypo-
phosphoric Acid, 399. Lower Oxides of Phosphorus, 399. Sulphur

Compounds of Phosphorus, 399. Valency, 401. Extension of the

Conception of Valency, 402.

CHAPTER XIX

CARBON ........ 405

General, 405. Adsorption by Charcoal, 408. Graphite, 410. Diamond,
411. Compounds with Oxygen, 412. The Critical Phenomena, 413.

Liquid Carbon Dioxide, 416. Solution in Water, 416. Carbonic Acid,

417. The "
Circulation

"
of Carbon, 418. The Combining Weight of

Carbon, 419. Detection of Carbonic Acid, 420. Derivatives of Car-

bonic Acid, 420. Amides of Carbonic Acid, 421. Carbon Monoxide,

423. Water Gas, 425. Formic Acid, 426. Acetic Acid, 427. Hydro-

gen Compounds of Carbon, 427. Derivatives of Methane, 428. Radicles,

430. Methyl Alcohol, 430. The Radicle Methyl and Homologous

Series, 431. Ether, 433. Unsaturated Compounds, 434. Coal Gas,

436. Oxalic Acid, 439. Carbon Disulphide, 440. Carbon Oxy-

sulphide, 442. Cyanogen, 442. Relation of the Cyanogen Compounds
to the Ammonia Derivatives of the Carbon Compounds, 444. Cyanic

Acid, 445. Thiocyanogen, 446.

CHAPTER XX

SILICON ........ 447

General, 447. Silicon Dioxide, 448. Silicic Acid, 449. Geological Re-

actions, 451. Halogen Compounds' of Silicon, 452. Silicon Hydride,

453. Silicon Fluoride, 453. Carborundum, 456.

CHAPTER XXI

BORON .... 457

General, 457. Boric Acid, 458. Other Compounds of Boron, 459.

CHAPTER XXII

ARGON, HELIUM, AND CONGENERS .
.461

Argon, 461. Helium, Neon, Krypton, and Xenon, 463.



xxviii PRINCIPLES OF INORGANIC CHEMISTRY

CHAPTER XXIII
PAGE

POTASSIUM........ 464

General Remarks on the Chemistry of the Metals, 464. Potassium, 465.

Kalion, 466. Solubility, 467. Behaviour of Salts, 468. Theory of

Solution Equilibrium, 469. Other Reactions of Kalion, 471. Potas-

sium Hydroxide, 473. Chemical Properties of Potassium Hydroxide,
476. Potassium Chloride, 478. Potassium Bromide, 478. Potassium

Iodide, 478. Potassium Fluoride, 479. Potassium Chlorate, 479.

Potassium Perchlorate, 482. Potassium Bromate, 483. Potassium

lodate, 483. Potassium Carbonate, 484. Potassium Bicarbonate, 486.

Potassium Sulphate, 488. Potassium Persulphate, 488. Potassium

Sulphite, 489. Potassium Sulphide, 489. Potassium Nitrate, 490.

Potassium Nitrite, 493. Potassium Silicate, 493. Potassium Silico-

fluoride, 493. Potassium Cyanide, 494. Potassium Oxalate, 495.

Other Compounds of Potassium, 496.

CHAPTER XXIV

SODIUM . . . . . . . '.497

General, 497. Metallic Sodium, 498. Natrion, 500. Spectrum, 501.

Indirect Analysis, 503. Sodium Hydroxide, 504. Sodium Peroxide,

505. Sodium Chloride, 506. Sodium Bromide and Sodium Iodide,

508. Sodium Bromate, 510. Sodium Chlorate, 510. Sodium Nitrate,

511. Sodium Nitrite, 512. Sodium Sulphate, 512. Acid Sodium

Sulphate, 517. Sodium Sulphite, 517. Sodium Sulphide, 517. Sodium

Thiosulphate, 517. Sodium Carbonate, 519. Sodium Phosphate,
523. Sodium Silicate, 525. Sodium Borate, 525. Sodium Acetate,

525. The Combining Weight of Sodium, 526.

CHAPTER XXV

RUBIDIUM, CESIUM, LITHIUM, AND AMMONIUM . . .527

General, 527. Rubidium and Caesium, 527. Lithium, 529. Lithium

Hydroxide, 529. Lithium Carbonate, 529. Normal Lithium Phos-

phate, 530. Ammonium, 530. Ammonion, 531. Ammonium

Hydroxide, 531. Ammonium Chloride, 532. Ammonium Bromide

and Ammonium Iodide, 533. Ammonium Nitrate, 534. Ammonium
Nitrite, 534. Ammonium Sulphate, 534. Ammonium Phosphates, 534.

Ammonium Carbonate, 535. Ammonium Sulphide, 535.

CHAPTER XXVI

CALCIUM . . . . . . . .538

General Remarks on the Alkaline Earth Metals, 538. Calcium, 539. Cal-

cion, 539. Calcium Hydroxide and Calcium Oxide, 540. Soda Lime,



CONTENTS xxix

541. Calcium Carbonate, 541. Calcium Bicarbonate, 545. Calcium

Chloride, 546. Calcium Hypochlorite and Bleaching Powder, 547.

Calcium Bromide and Calcium Iodide, 549. Calcium Fluoride, 549.

Calcium Nitrate, 550. Calcium Sulphate, 550. Calcium Sulphide, 552.

Calcium Phosphate, 553. Apatite, 554. Calcium Acetate, 555. Cal-

cium Oxalate, 555. Calcium Carbide, 556. Calcium Silicate and

Glass, 557. Combining Weight of Calcium, 560.

CHAPTER XXVII

MAGNESIUM . . . . . . . .561

General, 561. Magnesion, 562. Magnesium Hydroxide and Magnesium
Oxide, 562. Magnesium Chloride, 563. Magnesium Sulphate, 564.

Double Salts, 564. Magnesium Carbonate, 566. Magnesium Phos-

phates, 567. Magnesium Sulphide, 568. Magnesium Silicates, 568.

Magnesium Nitride, 569.

CHAPTER XXVIII

STRONTIUM, BARIUM, AND BERYLLIUM . . . .570

General, 570. Strontium, 570. Strontium Oxide, 570. Strontium Hy-
droxide, 571. Strontium Carbonate, 571. Strontium Sulphate, 571.

Strontium Nitrate, 571. Barium, 572. Barium Oxide, 572. Barium

Sulphate, 573. Barium Carbonate, 574. Barium Chloride, 574.

Barium Nitrate, 574. Barium Peroxide, 575. Beryllium, 576.

Summary, 577.

CHAPTER XXIX

ALUMINIUM AND THE OTHER EARTH METALS . . .578

General, 578. Aluminium, 579. Aluminion, 580. Aluminium Hydroxide,

581. Aluminates, 582. Aluminium Chloride, 583. Aluminium

Bromide and Aluminium Iodide, 584. Aluminium Fluoride, 584.

Aluminium Sulphate, 585. Alum, 585. Aluminium Silicate, 587.

Double Silicates of Aluminium, 588. Other Salts of Aluminium, 589.

Ultramarine, 589. The other Earth Metals, 590.

CHAPTER XXX

IRON 593

General, 593. Commercial Iron, 594. The Ions of Iron, 596. Ferrous

Hydroxide, 599. Ferrous Sulphate, 600. Other Ferrous Salts, 601.

Ferric Hydroxide, 602. Magnetic Iron Ore, 604. Ferric Salts, 604.

Ferric Bromide and Ferric Iodide, 605. Ferric Fluoride, 606. Ferric

Sulphate, 606. Ferric Thiocyanate, 606. Other Ferric Salts, 607.

Ferric Phosphate, 608. Sulphur Compounds of Iron, 608. Ferric Acid



xxx PKINCIPLES OF INOKGANIC CHEMISTRY
PAGE

and Ferrates, 609. Cyanogen Compounds of Iron, 609. Ferricyanide

Compounds, 612. Other Complex Compounds, 613. Oxalates of Iron,

613. Iron Carbonyls, 614. Catalytic Actions of Iron, 615. Thermo-

chemistry of Iron, 615. Metallurgy of Iron, 615.

CHAPTER XXXI

MANGANESE . . . . . . .618

General, 618. Metallic Manganese, 618. Dimanganion, 619. Manganous

Hydroxide, 619. Manganous Sulphate, 619. Manganous Carbonate,

619. Manganous Sulphide, 619. Manganous Borate, 620. Manganic

Compounds, 620. Manganese Peroxide, 621. Mangananion and Per-

mangananion, 623. General Remarks on Oxidising and Reducing

Agents, 628. Complex Compounds of Manganese, 630.

CHAPTER XXXII

CHROMIUM ........ 632

General, 632. Metallic Chromium, 632. Chromous Compounds, 633.

Chromic Compounds, 634. Chromic Sulphate, 635. Sulphur Com-

pounds, 636. Chromic Acids, 636. Potassium Chromate, 636. Potas-

sium Bichromate, 638. Sensitive Chromate Mixtures, 639. Chromyl
Chloride and Chlorochromic Acid, 640. Perchromic Acid, 641.

CHAPTER XXXIII

COBALT AND NICKEL . . . . . 642

Metallic Cobalt, 642. Cobalt Silicates, 644. Cobalt Sulphide, 644. Other

Cobalt Compounds, 644. Complex Salts of Cobalt, 645. Cobalt-

ammonia Compounds, 645. Nickel, 647. Nickel Carbonyl, 649.

CHAPTER XXXIV

ZINC AND CADMIUM . ... . . . . 650

Zinc, 650. Zincion, 651. Zinc Hydroxide, 652. Zinc Chloride, 654.

Zinc Sulphate, 654. Zinc Carbonate, 655. Zinc Silicate, 655. Zinc

Sulphide, 655. Cadmium, 656. Cadmium Sulphide, 657.

CHAPTER XXXY

COPPER ... . . . . . .658

General, 658. Copper, 658. The Ions of Copper, 659. Copper Hydroxide,
660. Cupric Chloride, 661. Copper Sulphate, 662. Voltaic Cells, 664.

Electrical Potential, 665. The Potential of Cells, 666. Copper Nitrate,



CONTENTS xxxi

668. Copper Carbonate, 668. Copper Acetate, 668. Copper Sulphide,
668. Copper Ferrocyanide : Osmotic Pressure, 669. Cuprous Com-
pounds, 671. Cuprous Chloride, 672. Cuprous Bromide, 673. Cuprous
Iodide, 673. Copper Thiocyanate, 674. Other Cuprous Compounds,
674. Complex Copper Compounds, 674. Metallurgy of Copper, 675.

CHAPTER XXXVI

LEAD . . . . . . . .677

General, 677. Plumbion, 677. Lead Chloride, 679. Lead Nitrate, 679.

Lead Sulphate, 679. Lead Chromate, 680. Lead Acetate, 681. Lead
Carbonate, 682. Lead Sulphide, 683. Compounds of Quadrivalent

Lead, 683. The Lead Accumulator, 685. Metallurgy of Lead, 687.

CHAPTER XXXVII

MERCURY ........ 688

General, 688. Mercury Ions, 690. Mercurous Compounds, 691. Mercurous

Sulphate, 691. Mercurous Chloride, 692. Mercuric Salts, 693. Mer-

curic Bromide, 696. Mercuric Iodide, 696. Mercuric Sulphide, 697.

Mercuric Cyanide, 699. Complex Compounds of Mercury, 700. Com-

plex Ammonia Compounds, 701. Other Complex Nitrogen Compounds,
703. Complex Sulphur Compounds, 703. Thermochemistry of Mer-

cury, 704.

CHAPTER XXXVIII

SILVER ........ 705

General, 705. Argention, 706. Silver Oxide, 707. Silver Nitrate, 707.

Silver Chloride, 708. Silver Bromide, 709. Silver Iodide, 710. Silver

Sulphate, 712. Silver Carbonate, 712. Silver Sulphide, 712. Silver

Cyanide, 712. Complex Salts in the Voltaic Cell, 714. Silver Thio-

cyanate, 715. Complex Silver Compounds, 716. Metallurgy of Silver,

718. Eutectic Mixtures, 718.

CHAPTER XXXIX

THALLIUM .... . , 721

General, 721. Thallous Salts, 722. MonothaUion, 722. Thallous Hydrox-

ide, 722. Thallous Sulphate, 722. Thallous Nitrate, 722. Thallium

Carbonate, 722. Thallous Sulphide, 723. ThaUous Chloride, 723.

ThaUous Bromide, 723. ThaUous Iodide, 723. Thallous Fluoride,

723. ThaUic Hydroxide, 723. ThaUic Sulphate, 724.



xxxii PRINCIPLES OF INORGANIC CHEMISTRY

CHAPTER XL
PAGE

BISMUTH ... .725

General, 725. Bismuthion, 726. Bismuth Chloride, 727. Bismuth Sul-

phide, 727. Other Compounds, 728.

CHAPTER XLI

ANTIMONY ........ 729

General, 729. Antimony, 729. Ions of Antimony, 730. Antimony
Hydroxide, 731. Antimonious Chloride, 731. Antimony Tribromide,

732. Antimony Tri-iodide, 732. Antimony Trifluoride, 732. Anti-

mony Trisulphide, 732. Complex Antimony Compounds, 734. Anti-

mony Pentachloride, 734. Antimonic Acid, 734. Antimony Penta-

sulphide and the Thioantimonates, 735. Antimony Hydride, 736.

Alloys of Antimony, 737.

CHAPTER XLII

ARSENIC . . . . . . . 733

General, 738. Arsenic Trioxide, 739. Arsenious Acid, 740.
'

Arsenic Tri-

chloride, 741. Arsenic Trisulphide, 742. Arsenic Hydride, 744. Com-

pounds of Quinquevalent Arsenic, 745. Arsenic Pentasulphide, 746.

Compounds of the Bivalent Type, 746.

CHAPTER XLIII

VANADIUM, NIOBIUM, TANTALUM, GALLIUM, AND INDIUM . .748
Vanadium, 748. Niobium and Tantalum, 750. Gallium and Indium, 750.

Gallium, 751. Indium, 751.

CHAPTER XLIV

TIN AND ITS CONGENERS . . . . 753

General, 753. Distannion, 754. The Stannic Series, 755. Stannic Sul-

phide, 757. Alloys of Tin, 757. Titanium, Germanium, Zirconium,
and Thorium, 758. Titanium, 758. Titanium Nitride, 760. Ger-

manium, 760. Zirconium, 761. Thorium, 762.



CONTENTS xxxiii

CHAPTER XLV
PAGE

URANIUM, TUNGSTEN, AND MOLYBDENUM .... 765

General, 765. Uranium, 765. Chlorides of Uranium, 767. Sulphur

Compounds, 768. Uranium Rays, 768. Tungsten, 768. Chlorides

of Tungsten, 770. Sulphur Compounds, 770. Molybdenum, 771.

Molybdenum Trioxide, 771. Lower Oxygen Compounds, 772. Chlor-

ine Compounds of Molybdenum, 772. Sulphur Compounds, 773.

CHAPTER XLVI

GOLD AND THE PLATINUM METALS . . . . .774

General, 774. Gold, 774. Gold Compounds, 775. Aurous Chloride, 776.

Sulphur Compounds, 777. Complex Gold Compounds, 777. Metallurgy
of Gold, 779. Platinum, 780. Compounds of Platinum, 783. Pal-

ladium, 785. Iridium, 786. Rhodium, 787. Osmium and Ruthenium,
788. Ruthenium, 789.

CHAPTER XLVII

THE CHOICE OF COMBINING WEIGHTS AND THE PERIODIC SYSTEM . 791

General, 791. Isomorphism, 792. The Molar Weight, 792. The Atomic

Heat, 793. Result, 793. The Periodic System, 794.

CHAPTER XLVIII

THE RADIO-ACTIVE ELEMENTS . .
80

General, 800. Radium, 802. The Special Properties of Radium, 802.

The Source of Energy of the Radium Actions, 804. The Law of Dis-

integration, 806. The Stages of Disintegration, 806. Niton, 807.

Model of the Spontaneous Disintegration of Radio-active Elements, 808.

The Origin of Radium, 809. The Family of Uranium, 809. Other

Radio-active Series, 810. The Actinium Series, 810. General Im-

portance of these Results, 811. The Energy of the Radio-active

Rays, 812.

INDEX 815





CHAPTEK I

GENERAL PRINCIPLES

1. Bodies and Substances. In the outer world objects can be easily

recognised having a definite spatial limit or form and distinguished by
their properties from what surrounds them. Such objects are called

bodies. Every body is characterised by the properties by means of

which it can be distinguished from what surrounds it.

If we imagine a large number of bodies placed side by side and

compared with one another, we can correlate them in various ways.
We can consider their size and form, and arrange them according to

these spatial properties, or we may neglect these and consider only the

other properties ;
more particularly those which are the same in every

portion of the given body. Such properties we shall call specific properties

or properties of the
"
species."

If we leave size and form out of account and arrange the bodies in

such a manner that those which agree in their specific properties are

r]a,r,p.fl in the same arorm. then the bodies are nailed substances.

ERRATA

Page 160, line 29, for "1 c.c." read "
1 cubic metre."

Page 836, col. 1, line 6, for
" 126

"
read "160."

incomparably smaller tnan tnai 01 me smgie uotues.

This fact can also be expressed by saying that in bodies there do not

occur all imaginable collocations of properties, but only certain definite

ones. Every such collocation of properties which does really occur,

characterises a definite substance, and the fact that the bodies which

occur in nature can be arranged in such groups or
"
substance-species,"

is the statement of an important law of nature, the fundamental law of

1 B





CHAPTER I

GENERAL PRINCIPLES

1. Bodies and Substances. In the outer world objects can be easily

recognised having a definite spatial limit or form and distinguished by
their properties from what surrounds them. Such objects are called

bodies. Every body is characterised by the properties by means of

which it can be distinguished from what surrounds it.

If we imagine a large number of bodies placed side by side and

compared with one another, we can correlate them in various ways.
We can consider their size and form, and arrange them according to

these spatial properties, or we may neglect these and consider only the

other properties ;
more particularly those which are the same in every

portion of the given body. Such properties we shall call specific properties

or properties of the
"
species."

If we leave size and form out of account and arrange the bodies in

such a manner that those which agree in their specific properties are

placed in the same group, then the bodies are called substances.

The fact that language possesses a fairly large number of names for

different substances, is the expression of a general experience or of a law

of nature. Just as in the case of animals and plants, so also the different

inanimate bodies can be separated into definite
"
species," each of which

embraces a large number of individuals or single substances with con-

cordant properties. As is known, the number of species in the case of

animals and plants, although certainly very large, is still incomparably
smaller than the number of the individuals. Likewise, the number of

substances which differ in their specific properties, although large, is

incomparably smaller than that of the single bodies.

This fact can also be expressed by saying that in bodies there do not

occur all imaginable collocations of properties, but only certain definite

ones. Every such collocation of properties which does really occur,

characterises a definite substance, and the fact that the bodies which

occur in nature can be arranged in such groups or
"
substance-species,"

is the statement of an important law of nature, the fundamental law of
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2 PRINCIPLES OF INORGANIC CHEMISTRY CHAP.

chemistry. It is the object of chemistry, as a science, to know the

properties of substances -1 and the relations which exist between them.

2. Experience. In describing the simple phenomena with which

we have just been occupied, we have employed various conceptions and
ideas of which we daily make use, and which are therefore familiar to

us. For scientific purposes, however, we cannot rest satisfied with

the somewhat indefinite and arbitrary notions which we attach to such

words in ordinary life
;
their full purport must be examined and their

meaning established with definiteness.

That which enters directly into the consciousness of a particular
individual is the changing conditions of his life. We soon distinguish
between the inner and the outer experiences ;

the former are dependent
on our will, the latter are not, or are so only indirectly. On account of

this independence, we assume that such experiences have their cause in

something that is different from our person, and the totality of these

experiences we call the outer world.

All our experiences form a series of diverse states or processes

differing among themselves. An event is never repeated in exactly
the same way as it had once occurred.

Our relation to life would, therefore, be that of a wanderer in the

darkness of an unknown and trackless region, if it were not that there

are events which repeat themselves not in their entirety, it is true,

but still to a large extent. When we have experienced a number of such

occurrences, we are in a position to foresee the probable further course of

one of them when it recurs. If it is an event which influences our

condition in some particular way, we are able to act so as to gain the

greatest advantage, or suffer the least harm, from it.

The recognition of such events as in large measure repeat themselves

is called experience. It consists, therefore, on the one hand, in the

recognition of the circumstances under which definite events occur,

and, on the other hand, in our knowledge of the course of the events

or of the nature and sequence of their parts.

3. Concepts and Laws of Nature. Not science only, but all

mental life whatever, begins with the collecting of such similarities

and the distinguishing of them from others. Even the brute does this

when it seeks shelter in the thicket from rain or from a pursuer, because

such action had before proved successful in similar circumstances.

The most general relations of this kind are contained in language.

Every expression, like "dog" or "to shine," signifies that we are dealing
with a large series of concordant experiences which present definite

1 As the result of an indefiniteness in the use of language which, it is to be regretted,
is very widespread, one often finds in text-books and memoirs that the two conceptions
of body and substance are not kept rigidly separate, but are mixed up in such a way
that the word body is often used where substance is intended. Descriptions such as
"
Sulphur is a yellow, brittle body," instead of substance, occur very frequently. In this

book, we shall always draw a sharp distinction between the ideas, and it is desirable

that the general scientific usage should, in this respect, also assume a more definite form.
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and ever recurring similarities. For this reason the word sulphur

signifies not, let us say, some one definite impression which I have once
had at some particular time, but it is the summing up of repeated

impressions in which can be recognised a group of different character-

istics which always occur together. The sum total of the concordant

characteristics those which are discordant being excluded is then

gathered together in one such name.

Thus in the case of the word sulphur, I think of a yellow, solid

substance, which can be set on fire, which becomes liquid at a not

very high temperature, which sinks, without dissolving, in water, and
becomes electrified on being rubbed. I do not think of sulphur as

having a definite shape or size, but rather I denote by the name a piece
of any size in which I recognise the properties mentioned. In the

formation, therefore, of the name sulphur, there has by no means been

taken into account the sum total of all properties of some definite single

piece, existent or imaginary. On the contrary, no attention has been

paid to the size, form, and origin of the single bodies to which I give
the name of sulphur, but account has been taken only of the specific

properties, i.e. those which are found in all pieces, independent of these

differences.

Such an exclusion of differences in phenomena which in other

respects are similar, is called abstracting, and the result of the abstraction,

which in the more simple cases is condensed into one name, is termed

a concept.

As is evident, one and the same phenomenon can be classed under

different concepts, according to the similarities of which we take account.

The range of a concept, or the number of single phenomena which can

be included under it, can be so much the greater, the fewer the points
of agreement which are considered. At the one extreme are the single

names which mark individuals, i.e. objects which are to be characterised

as only of solitary occurrence. In this case we have very great variety,

and generalisation consists only in the object always preserving

essentially the same properties for a certain time its period of existence.

At the other extreme are the general concepts, such as
"
thing

"

or
"
object," in which emphasis is laid on no other property than on

that, that it can be distinguished from other things.

Now, the most important work of the sciences consists in theformation of

suitable concepts. A suitable concept is, however, one under which is

embraced as large a number as possible of single phenomena in such a

manner as to contain the largest possible number of definite statements

regarding each. The content of such statements is given by the Laws

of Nature.

4. Time and Space. One of the first things we experience is

the change of day and night, and the unbroken repetition of this change
of light and darkness in our surroundings has therefore led to a funda-

mental concept, that of time. Since this change is quite independent of
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our will, we employ it as an objective measure of the events of our life, and
refer these to the marks or signs which the change of day and night
affords us.

For many occurrences this measure is too large. It is therefore

divided into parts. The JTth part of the day-and-night period, called

the hour, is used as. the unit in daily life. For scientific purposes, the

-.j~wth part of an hour, or the ^^^^th part of the whole period, serves

as the unit, and is called the second.

Experience also teaches us that innumerable differences in things
can exist side by side at the same time. This diversity is condensed in

the concept of space, in which are summed up all generalities and simi-

larities by means of which we can arrange and review co-existent things.
The diversity which we call space is a threefold one, and shows

itself in the three dimensions length, breadth, and height.
1

Spatial
measurements are carried out either in one dimension (distance or

length), or in two dimensions (areas), or in three (space or volume).
The unit of length is the length of a platinum rod preserved in

Paris. This is approximately equal to the -j^nnnjinyo^h Par^ f ^ne

earth's meridian, and was originally intended to be exactly equal to

this. Since, however, two rods of this length can be compared with

each other, with much greater accuracy than the ratio of one of them
to the earth's meridian can be determined, that relation has been, very

wisely, discarded, and a considerable number of similar rods have been

made and compared exactly with the standard one.

These rods are kept at different places, so that should one or other

of them by some mischance be destroyed, the unit itself would still not
be lost.

This unit is called a metre. It is equal to rather more than half

the height of a man of average stature. For scientific purposes, the

metre is divided into 100 parts, called the centimetre, which in writing
is abbreviated to cm. Other divisions into decimetre and millimetre,

of which 10 and 1000 respectively are contained in a metre, are better

not to be used in science. When the magnitudes which have to be

expressed are much greater or much smaller than a centimetre, they
are written in the form m x I0n cm. The indices most used are + 5

and - 4. The length 100,000 cm. or 105 cm., is called a kilometre
;
a

German mile is therefore nearly equal to 7 x 105 cm.2 The length
10~4 cm. is called a micron ; it is one-thousandth of a millimetre, and
is at the limit of the microscopically visible. It is also denoted by
the Greek letter

/z.

1 A recent and highly remarkable development of physics has as its objective at the

present day, the endeavour successfully to iinite space and time into one concept of a

fourfold diversity. Since, however, the facts which have led to such a remodelling of

the old concepts, belong exclusively to physics, whereas chemical phenomena can still

find uucontradictory expression in the old forms, it is sufficient here simply to mention

the above development which is due to Lorentz, Einstein, and Minkowski.
2 An English mile is nearly 160,933 cm., or rather less than 1 '61 x 105 cm, Tr.
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The measures of area and volume are derived from the measures of

length, by taking as the unit of area and volume a square and a cube

respectively, the length of whose side or edge is 1 cm. The former

unit is called a square centimetre, abbreviated sq. cm., the latter, a cubic

centimetre, c.c. These are the only units employed for the purposes of

pure science. In daily life and also in science, the litre, abbreviated lit.,

which contains 1000 c.c., and which is equal to the cubic content of a

cube whose edge is 10 cm., is often used as the unit of volume. 1

5. Properties. The units which have just been denned serve,

along with others which will be discussed later, for the purpose of

characterising more accurately the properties of the different bodies

and substances. Properties of substances, or specific properties, are, for

example, colour, density, power of refracting light, electrical con-

ductivity, and many others. These properties occur in a particular
substance always in a definite manner, and to a definite extent. In

future they shall be called shortly, properties of the substance.

Besides these, there are other peculiarities which can appear and

disappear in a body consisting of the substance considered, such as,

temperature, electrical charge, pressure, illumination, etc. On account

of this variability we shall call these, not its properties but its conditions.

These differ from the specific properties in the fact that they can be

imparted to the body or altered at will, without the substance passing
into another, whereas the specific properties are always present when
the substance is present.

The optical properties of a substance, i.e. its colour, and the manner
in which it reflects light, or its lustre, are open to direct observation.

That a piece of sulphur is yellow, and that the light is reflected to a

fair extent from its surface, can be seen at the first glance.
I can learn, however, that the density of sulphur is greater than

that of water, only when I place the piece of sulphur in water and

note whether it floats or sinks
;

since it does the latter, I conclude

that sulphur is denser than water. In what ratio, however, it is denser,

can be learned only by making a quantitative experiment.
So it is also with the other properties of sulphur ;

to determine

them, an experiment must be made. That is to say, we bring the

substance into relations which are different from the ordinary, and

note its behaviour under these new conditions. In this way we learn

that sulphur is a non-conductor of electricity, when we touch a charged

electroscope with a piece of sulphur, and find that the gold leaves do

not fall together, or when we connect a galvanic cell with an electric

bell, and find that the bell does not ring when we insert a piece of

1 This method of deriving the measures of area and volume with the help of the

square and the cube, is by no means necessary, nor is it the only one. For example,

one could use as units a triangle and a tetrahedron of 1 cm. side, a circle and a sphere

of 1 cm. radius or of 1 cm. diameter. The choice of the square and the cube is, how-

ever, probably the most suitable, since it allows of the easiest calculation of areas and

volumes from measurements of linear magnitudes.
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sulphur in the circuit. Further, by heating a piece of sulphur in a

glass tube, we learn that it melts or passes into the liquid state at a not

very high temperature.
The last-mentioned experiment, the melting of sulphur, represents

a transition to a group of other properties which are characterised by
the fact that the nature of the substance itself undergoes change, which
it did not do in the former experiments.

The combustibility, likewise, of sulphur when heated in the air is

such a property. Further, if we mix some sulphur with iron powder
and heat the mixture in a test-tube (a thin-walled glass tube closed at

one end), it suddenly becomes incandescent, and when cold, both the

sulphur and the iron are seen to have disappeared, and in their place
a black substance has been produced with quite different properties.

Processes in which certain substances disappear and other ones are

produced are designated as chemical, in contradistinction to the physical
or those in which the substances maintain their existence. We shall,

therefore, divide the properties of a given substance into physical and
chemical

;
the former being those we observe when the substance

remains unchanged, the latter being seen when the substances are con-

verted into others.

The question is often raised, whether processes such as fusion

when the temperature is raised, or solution in a solvent, are to be

regarded as chemical or as physical. Disagreement, however, on this

question is without point, since nothing of an essential nature depends
on the decision

;
for this, evidently, is of consequence only with regard

to the arbitrary plan of treatment. If we retain the definition already

given, we shall recognise that sulphur with its specific properties

certainly disappears when it is made to assume the liquid state by
heating or by treatment with a solvent. It therefore undergoes a

chemical change. Many, however, designate such changes as physical,
since it is easy to recover the sulphur in the solid form with all its

properties by lowering the temperature or by evaporating off the

solvent. But a substance which has undergone chemical change can,
in general, also be again obtained from the new substances produced,

although more complicated methods are often necessary. It will,

therefore, on the whole, be better to class these changes along with the

chemical.

6. The Exactness of the Law of Properties. The statement

that sulphur is denser than water, and that it melts at a moderate

temperature, can be made in a much more definite form by stating in

what ratio the density of sulphur is greater than that of water, and at

what temperature the fusion of sulphur occurs.

In a like manner, many other properties, and especially physical

properties, can be expressed in definite measure, and the question
arises, how do different samples of the same substance behave when a

quantitative determination of their properties is made.
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One might imagine that substances behave in a manner similar to

the species of animals and of plants. The different specimens of one

species, e.g. the common mouse, resemble, it is true, but do not com-

pletely agree with one another in size, growth of hair, colour, shape,
etc. .On the contrary, within certain limits, they show differences with

regard to their properties. In like manner one could assume that the

properties of different specimens of the same substance have closely

approximate values that these values, however, are not quite definite

but vary within certain limits.

The innumerable investigations of this point which have been

undertaken, show that the law of properties of substances holds not only

approximately but exactly, and, therefore, the measurable properties of

different specimens of the same substance agree not only approximately but

with all exactness.

It must be at once emphasised that it is not intended here to assert

the absolute validity of the law. The absolute can never be the subject
of experience, and, in fact, it is not admissible to employ the word
absolute with reference to any relationship based on experience. The

meaning of the assertion is rather this, that experience has, so far,

shown no deviations which are beyond the limits of the possible error of

observation. For, every measurement is exact only within a certain

limit, and all conclusions which are drawn from these measurements

can be valid only to this limit. Thus, the density of sulphur can be

determined only with a limited degree of accuracy, and if the same

value has been obtained with different specimens, the identity can be

asserted only to this limit. The meaning of the assertion that the

properties of different specimens of the same substance are the same,

is only this, that within the limits of accuracy hitherto reached, no

differences have been found.

The accuracy with which a magnitude is known must always be

expressed in fractions of its value, and not as a concrete number. If in

the measurement of a length the possible error amounts to 0-1 cm.,

this may express a large or a small degree of accuracy, according as

the length is long or short. If we measure a distance of 20 metres to

within 0-1 cm., the measurement is very exact, for the error amounts

to, at most, T, oinnyth of its value. On the other hand, if a length of

3 cm. is known with such a limit of error, the measurement is not very

exact, for the error can amount to ^ih of the measured value.

7. How many Properties are necessary for the Charac-

terisation of a Substance? Since the number of properties of a

given substance is very large, and since, also, two things can be said

to be identical in substance only when they show entire agreement in

all their specific properties, the task of testing whether two substances

are the same or not, appears impracticable. And still, chemists are

wont to identify substances with certainty after testing some few

properties.
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The surmounting of this difficulty is rendered possible by the

fundamental law of chemistry already given (p. 1). This law, in its

application to the present question, can be stated thus : When two

substances agree entirely in somefew properties, they agree also with regard
ta all other properties.

This law, like all other laws of nature, is only a summary of observed

facts. It does not prescribe that something shall happen, but only
states what relations exist. For this reason the term

"
law," borrowed

from jurisprudence, is not very suitable for expressing such regularities
in natural phenomena, and it can be used without disadvantage only
when the distinction, to which we have just drawn attention, between a

law of nature and a civil law, has, once for all, become quite clear.

8. Induction. The total number of cases classed under a law

of nature can, evidently, be divided into two groups : a small one,

embracing the cases which have been tested, and a very large one, to

which belong the cases which have not been examined. For the task

of testing a law in all cases in which it applies could not be undertaken,
as the labour involved would be too great.

And, indeed, the necessity for such an all-embracing examination is

not felt
; for, from the fact that in all cases which have been observed

the law has been found valid, we may conclude with a high degree of

probability that it will hold equally in those cases which may in future be

investigated. This probability becomes all the stronger as the number
of cases investigated increases, and the more the cases chosen for

examination are independent of one another.

When the universal validity of the relationship has been established

with a definite measure of probability, we are accustomed to regard it

as a law of nature. However, the history we have just given of the

genesis of such a law implies that it cannot have the character of a

necessity, and it is quite possible that, following on the many con-

firmatory cases, some should be found which do not conform to the

law. The procedure which we have to adopt in such cases will be

discussed later. For the present, we accept the statement that the

laws of nature are conclusions as to probabilities based on experience.
Such conclusions are called inductive, and the procedure by which

they are obtained is called induction. The whole of natural science is

built up of such inductive conclusions.

Sometimes the need has been felt of placing the laws of nature on
a more certain foundation than is furnished by conclusions by analogy
based on experience, since these afford no protection against the possi-

bility of a contradictory case. However, this foundation is of all the

most trustworthy that has been found, for the constant reference to

experience prevents the investigator from replacing the actual relations

by some line of thought, which, although it may be very consequent,
still contains the possibility of deviation from actual facts. The
natural sciences are, however, not called upon to represent the possible
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but the actual relations, and this they can do only by direct and continual

reference to experience.
9. The Characteristics of Substances. The number of

different kinds of properties which can be measured or observed in a

substance is very large, and increases continually with the advance of

science. Even if it must be the task of chemistry to investigate all

accessible properties in the case of all substances, there is still, naturally,
a difference in the importance which is to be attached to the knowledge
of the different properties. Especially for a first introduction to the

science it is necessary to set a limit to the task. We shall, accordingly,
examine more in detail only a few of the properties only so many as

will serve, in the first instance, for the sufficient characterisation of the

different substances and for the explanation of the relations between

them.

10. Colour. The most evident property of a substance, and the

one most easy to observe, is its colour. It therefore forms a very im-

portant characteristic and is given in every description.
The colour of a body is due to the fact that a portion of the

white light, by which we observe it, is absorbed while another

portion passes through the body. It is, essentially, only rays of a

definite wave-length or colour, that undergo absorption, and the

transmitted light is therefore poorer in these rays. The colour which

is produced when definite rays are withdrawn from white light, is

called the complementary colour of these rays. The following are

complementary colours :

red green

orange blue

yellow violet

When one of these six colours is absorbed, the complementary
colour placed opposite to it appears. The relation is reciprocal : if a

substance absorbs blue light, it appears orange-coloured ;
if it absorbs

orange-coloured light, it appears blue.

The colours we have named represent only the large groups ;
there

are, in reality, an infinitely large number of colours and complementary
colours.

Since the amount of light absorbed increases with the thickness of

the layer through which it passes, the depth or intensity of the colour

with which the substance appears is dependent on the conditions it

offers to the passage of the light ;
the thinner the layer the more faintly

will the substance appear coloured.

This phenomenon can be conveniently shown by filling a wedge-

shaped glass vessel with a coloured liquid (Fig. 1). When this vessel is

held towards the light, there can be seen not only the deepening of

colour with the thickness of the layer, but frequently, also, a change

in the character of the colour.
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A thin layer of a solution of chrome-alum appears green ;
a thick

layer, through which a strong light is allowed to pass, appears red.

In the case of liquids and gases the thickness of the layer is deter-

mined by the shape of the vessel, but in the case of solid substances, by
the size of the pieces. In such a case the light enters into the piece, and
after undergoing reflexion at a posterior surface, passes out again in

another direction. If we therefore view a fairly large number of pieces

superposed on one another, the resulting colour will agree approximately
with the coloration which light experiences on passing through a plate
whose thickness is equal to twice the diameter of one of the grains.

This is the reason that transparent, coloured substances appear lighter

the smaller the pieces into which they are divided, and this circumstance

must be taken into account in characterising the colour of a substance.

A crystal of copper sulphate is dark blue. On being powdered in a

mortar it gets lighter in colour the finer the powder is. Red crystals of

potassium dichromate become yellow on being powdered.
Besides the light which comes from the interior of the body and

which is changed by partial absorption, another portion reaches the

eye by direct reflexion from the surface. This portion varies with the

Fia. 1.

nature of the substance
;

in the case of transparent substances it is

small, in the case of metals it is large. The lustre depends on this.

The lustre does not play any great part in chemistry ; only that of the

very strongly reflecting metals, on account of its conspicuous nature,
is used as a characteristic.

11. The Physical State. A second very important property
of substances is the way they fill space. One distinguishes between

gaseous, liquid, and solid bodies, and denotes the differences occurring
here by the term

"
physical state."

The three physical states denote the manner in which the bodies

fill space. A solid body has a definiteform, and therefore also a definite

volume.

A liquid body has no definite form
;

it has, however, a definite

volume. It therefore fills a vessel in which it is placed only to the extent

of its volume. Under the influence of gravity, the surface of liquids, in

so far as they are not bounded by rigid walls, approaches the form of a

horizontal plane.
Gases have neither a definite form nor a definite volume

; they fill

completely every vessel into which they are brought.
All these relations are further subject to special laws, which will be

discussed in their appropriate place.
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By means of the characteristics we have just given we shall have,
as a rule, no difficulty in determining whether a body is solid, liquid, or

gaseous. If a body, when placed on a plane, retains its shape it is

solid
;

*

if it spreads out while at the same time a bounding plane, a

surface, is formed on the top, it is a liquid ;
if it exhibits in no direction

a bounding plane of its own it is a gas. Between these three physical
states there are, it is true, intermediate states which sometimes render

the decision difficult ;
still these are not very frequent, and for the

present we need not discuss them in greater detail.

A given body does not under all circumstances remain in the

physical state in which it is at a given time
;
the physical state depends

especially on the temperature. In this case, the general law holds that

with rising temperature a solid substance can become liquid or gaseous, and
a liquid one gaseous, but never the reverse. On the other hand, with

lowering of temperature, gases can become liquids or solids, and

liquids can become solids.

Although the sense in which the change takes place cannot be

departed from, the liquid state need not, however, appear as an inter-

mediate state between the gaseous and the solid. On the contrary,
cases not unfrequently occur where with rise of temperature solids pass

directly into gases, and by cooling gases pass directly into solids.

The laws which these transformations obey, will be discussed later

(Chap. IV.).

12. Summary. The concept of substance has been developed.

By this name are designated the classes into which the inanimate bodies

can be arranged according to their properties. Experience teaches that

it is possible to arrange the naturally occurring or the artificially

prepared bodies in classes so that the individual members of a class

have the same specific properties. By properties in this sense are

understood only those which are essential, and which cannot be given
to or taken from the body at will. Experience teaches further that

different bodies which belong to the same class or which consist of the

same substance, agree not only approximately but exactly in their

properties, so that the value of any property determined on one specimen

may confidently be expected to be found in all specimens of the same

substance.

The law of nature that classes can be formed of bodies which agree

entirely with one another in their essential properties, is the fundamental
law of chemistry.



CHAPTEK II

SUBSTANCES AND MIXTURES

13. Mixtures. On attempting to apply it to all the bodies which

surround us or which occur in Nature, we find that the concept of a

substance, which has just been established, is insufficient. For if we
define the specific properties as those properties which are independent
of form and size, we make the assumption that the same properties are

met with in all the different portions of the same body. If, however, we
take an ordinary paving-stone of granite, for example, and if we try to

determine its specific properties, we find that these differ at different

points. The granite contains white, translucent, very hard portions, to

which the mineralogist gives the names of quartz ;
and also reddish

portions and lustrous laminae which readily undergo cleavage, to which

the names of felspar and of mica are given. Although, therefore,

granite has a name just like a substance in the strict sense, and although,
like a substance, it is used for the production of various objects, yet it

does not answer to the exact definition of a substance, but represents
another kind of body.

Bodies such as granite, in which we can distinguish portions possess-

ing different properties, are called mixtures. Bodies of which all the

parts have identical properties will be specially termed uniform or

homogeneous substances.

A mixture consists of a finite number of constituents, each of which

satisfies the definition of a substance. For if the granite is broken up to

such an extent that each particle consists only of quartz or of felspar
or of mica and in principle, this is quite possible, since the granite is

composed of particles of these substances of finite and readily visible

dimensions it is possible to collect into separate heaps all the particles
of quartz, of felspar, and of mica. In place of the granite we shall then

have three small heaps to each of which the definition of a substance

can be applied ;
for in each case the specific properties are definite in

character and alike in all parts.
From this then we see that the concept of a substance can serve also

for the definition of all conceivable mixtures if one states what are the

12
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substances composing the mixture and the relative proportions by weight
in which they are present. The latter factor can be determined simply
by weighing the separate heaps.

If the weights of the heaps are represented by a, b, and c, the weight
of the original mixture is obviously a + b + c=g; and the fractions

a
, _, and

c
are the fractional or relative weights of the constituents in the

99 9
original mixture. Since the total weight, g, is quite arbitrary, whereas

the fractional numbers, ?, _.
c

, are not (provided the mixture is uniform
9 99

in composition), these fractions are used for the characterisation of the

mixture. As a rule, one multiplies these fractions by 100 and so obtains

the number of parts per hundred, or the percentage amounts, which are

represented by the symbol %. The number 100, however, is an

arbitrary one, for one might multiply the fractions just as well by 10 or

by 1000. 1 The original fractions must, therefore, be regarded as the

most rational expression for the relative proportions.
14. Different Kinds of Mixtures. The different kinds of

mixtures can be divided into a number of groups, according to the

physical state of the constituents. The number of such groups is

without limit, as is the number of the constituents. We shall therefore

restrict ourselves to the simplest case, that in which there are only two

constituents. Representing solid substances by s, liquid substances by
I, and gaseous substances by g, the following combinations are possible :

ss, si, sg, II, Ig, gg, in accordance with the fact that six combinations of

three things, taken two at a time, are possible. The fact that such

combinations are formally possible does not by any means necessitate or

prove the actual existence of all, for circumstances may exist which

exclude one or other combination. This, indeed, is found in the case of

gg, since it is not possible to mix gases in such a way that the con-

stituents can be distinguished. The mixture, in fact, changes immedi-

ately into a homogeneous or uniform substance. 2

Five groups, therefore, remain, namely ss, si, sg, II, Ig. Within these

groups differences also are found according as the predominant substance

belongs to the one or the other physical state, and so gives to the

mixture the general characters of that particular state. Thus, for

example, mixtures belonging to the group si are known which behave

essentially as solid bodies, and others which behave essentially as

liquids. This fact will be taken into consideration in describing the

individual cases.

1 The number 100 was no doubt chosen because^ represents the limit of accuracy
with which these and similar separations can, with the exercise of some care, be carried

out. The number of the constituents is, of course, not always three, as in the case of

granite ;
the smallest number is two, but there is no upper limit to the number.

2 In such a case one speaks of a solution. The more exact definition of this concept
will be given later.
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15. Solid-Solid Mixtures. The mixtures of this group may
either form a single solid mass, as in the case of granite, or they may be

made up of separate particles each of which consists of a homogeneous
substance. The third possible case, namely, that the particles consist

of several solid constituents, is the same as the first.

These sub-divisions are of no essential importance for the chemist

so far as general considerations are concerned, but they are of consider-

able practical importance when he is face to face with the task of

separating the constituents. And this is very frequently the case
;

in

fact, it is not possible to recognise and to determine the nature and
amounts of the constituents themselves without previously separating
them. Likewise, in the case of naturally occurring mixtures, it is often

necessary, in the first instance, to effect a separation of them into their

constituents, if these are going to be put to some industrial use
;

for it

is only in comparatively few cases that the naturally occurring bodies

are strictly homogeneous.
The task of separation is easiest when it is merely a case of obtaining

a small amount of some definite constituent of the mixture in a pure and

homogeneous state, for the purpose, say, of determining its properties.

Thus, for example, the mineralogist sometimes discovers in a piece
of rock, or

"
ore," small particles of another substance scattered

through it, and desires to investigate them as he cannot identify them.

In such a case, he endeavours, by means of some sharp and powerful
tool, such as steel pliers, to pick out particles to which none of the other

substance adheres so that he may carry out his investigations with this

pure material.

In this case, then, it is not a matter of complete or quantitative

separation, but of obtaining in the pure state a comparatively small

portion of one of the constituents of the mixture while neglecting the

remaining and more difficultly separable portions.
The problem is, however, quite different when it is desired to obtain

as far as possible the whole amount of one of the constituents, and when
it is a matter of no importance if a small amount of the other con-

stituent accompanies it. Thus, in mines, workmen are employed to
"
sort

"
the rock, to seek out and collect those portions in which the

desired constituent is contained, while the remaining
"
barren

"
rock

is rejected.
Such separations depend obviously on the fact that the workman

recognises the various constituents with the eye, and separates them

mechanically from one another with his hands, placing the like con-

stituents together. Since the human intelligence is necessary for this,

the process is essentially the most expensive ;
and can be employed only

in those cases where the costs of production are only of secondary im-

portance, as in scientific investigation, or in those cases where human
labour is cheap, or lastly, where the objects are so valuable that they can

bear the cost. Such is the case in connection with the diamond industry,
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in which the diamonds are obtained by sorting from the ground in
which they occur. 1

Mechanical separation, however, is by no means exclusively depend-
ent on the work of men's hands. For it is obvious that since the

properties of the constituents are different, all such differences can be
utilised for effecting the separation as will in any way lead to a spatial
separation of the different portions of matter. In this case, however,
the mixture, if it occur in a compact mass, must first be reduced to a

powder in which the particles are so small that each consists of a single
homogeneous substance.

For the industrial production of such powders the most varied forms
of machines for stamping, grinding, and pulverising, etc., are employed,
according to the nature of the mixture. In chemical laboratories,

however, smaller apparatus, such as the mortar (Figs. 2 and 3), are

FK;. 3.

generally sufficient. In its second form, especially, this is a piece of

apparatus which is in daily use.

The mortar consists of a dish of suitable material (generally porcelain
or agate) into which a pestle, a club-shaped instrument, can be intro-

duced. By giving the pestle a circular movement in the mortar and at

the same time exercising a suitable pressure on it, the pieces of matter

can be reduced to a finer and finer powder. The smoother the rubbing
surfaces the more finely can the substance be powdered, but the slower

is the first stage of the process. Accordingly, different apparatus are

appropriately employed for the different degrees of fineness
;
and more-

over, a very fine powder can be obtained more rapidly by working up
only small quantities at a time.

Of the different methods employed for the separation of the different

1 At Kirnberley the diamonds are now, to a large extent, separated from the other

materials by a mechanical process which depends on the fairly high specific gravity of

the diamond. The mixture of pebbles and diamonds is carried by a regulated stream

of water over shaken metal plates, "pulsators," coated with a layer of grease; the

diamonds sink through the water into the grease, which retains them, while most of the

other lighter constituents are carried away by the water. Tr.
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constituents only a few will be mentioned. The process of elutriation

(" washing ") is carried out by mixing the powder with water and

making use of the different rates at which, the particles sink to the

bottom. This rate of subsidence increases with the sinking force, that is,

with the excess of density of the powder above that of the water, and
diminishes with the fineness of the powder. Consequently, the heavier

and coarser particles sink more rapidly, while the lighter and finer

particles remain in suspension, and are carried away on removing the

water. Primitive as this process is, it is employed with advantage, even

at the present day, in those cases where the differences just mentioned

are very great. Thus, for example, large quantities of gold are separated

by elutriation (washing) from the sand in which it occurs, because gold
has a very much greater density than the sand. The same method is

employed for the separation of some
"
ores," or metalliferous con-

stituents, from the less dense rock-material.

The process can be carried out with greater sharpness and in a more
scientific manner by making use of the buoyancy of a liquid of suitable

density. As is well known, a body floats to the surface when it is less

dense, and sinks to the bottom when it is more dense than the liquid in

which it is immersed. If, then, a powder is in-

troduced into a liquid having a density inter-

mediate between that of its constituents, the one
constituent will sink to the bottom while the

other will float to the surface. Separation of the

two constituents can therefore easily be effected.

For this purpose a vessel having a large tap in

the middle, such as is shown in Fig. 4, can be

employed. Thus if one brings a mixture of heavy
spar (density

= 4'5) and quartz (density = 2*7)

into methylene iodide (density
=

3'3) and places
the liquid mixture in the above apparatus a separation of the two solid

substances will be found to have taken place after standing some time.

The tap can then be closed and the upper portion of the mixture

removed, after which the tap can again be opened and the lower

portion obtained.

16. Solid-Liquid Mixtures. A mixture of a small amount of

liquid and a large amount of a solid powder has the appearance of a

moist powder, and this differs from a pure powder by the fact that the

particles more or less adhere to one another. On increasing the relative

amount of liquid a plastic mass, capable of being moulded, is obtained ;

a further addition of liquid produces a mud which can flow, like a liquid
of great viscosity ; and, finally, when the amount of the solid is small,

one gets a turbid liquid. All these mixtures are opaque, because the

refraction of light in the two constituents is different, and, in accordance

with known laws of optics, the direct transmission of the light is thereby

prevented. This behaviour is worthy of note, because it is met with in
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the case of all mixtures, and can often be employed for the identification

of the mixture state in cases where other means fail or give doubtful

results.

In the course of time a mixture of a liquid and a solid powder
separates of itself, i.e. through the action of the all-present gravity, into

two portions, the solid powder falling to the bottom or rising to the

surface according as its density is greater or less than that of the liquid.

A portion of the liquid can therefore be separated in the pure state
;
but

another portion remains united with the solid body in such a way that

a simple mechanical separation is not possible. This is due to the fact

that most liquids wet solid bodies, thereby giving rise to a common

bounding surface consisting of both solid and liquid. To separate these,

work would be necessary. Moreover, we are dealing here with very
thin layers, the thickness of which lies outside the limits of the micro-

scopically visible. To separate these portions of liquid, recourse must

be had to essentially different means (vaporisation) which will be

discussed at a later point.
Another and more rapid method of separating small quantities, more

especially, of solid from a large quantity of liquid, is filtration. For this

purpose one employs a filter, i.e. a porous septum, the pores of which

are smaller than the grains of the solid body. In the laboratory one

employs for this purpose almost exclusively filter paper, an unsized

paper of felt-like character. Through such paper liquids rapidly pass
while solid bodies are retained by the fibres, between which are formed

narrow and greatly winding channels through which the liquid can pass.

Papers of different closeness of texture are employed according to the

fineness of grain of the solid bodies, since the process of filtration

naturally takes place all the more rapidly the larger the pores of the

paper.

Although in its industrial applications this process has undergone
a manifold development with a view to combining the highest efficiency

with cheapness of working, the chemist working in his laboratory rests

content with very primitive arrangements, which were introduced by
Berzelius and which in the course of a century have undergone but little

change. The filter paper is employed in the form of a circular sheet

which is folded twice crosswise, and is then formed into a hollow cone

with an angle of 60 degrees by opening out one of the four layers of

paper. The cone thus obtained is placed in a correspondingly shaped

funnel (Fig. 5). The mixture of liquid and solid is poured into the filter,

the liquid passes through the filter-paper under the action of gravity

while the solid is retained.

This process is employed for the purpose of obtaining a liquid free

from solid matter, e.g. in clarifying drinking water, as well as for the

purpose of obtaining solid free from a liquid. In the latter case,

however, the separation is again incomplete owing to adhesion of

liquid (wetting).
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FIG. 5.

Mixtures such as the above can be separated still more rapidly and

effectively by the application of centrifugal force, which acts quite

similarly to gravity. Whereas
the latter must be taken just
as it is, and cannot be in-

creased, the separating action

of centrifugal force increases

with the square of the velocity
of rotation and thus greatly
increased effects can be at-

tained. For this reason centri-

fugal force is found effective

even in those cases in which,

through the extreme fineness

of the solid particles, a filter

proves ineffective. In Fig. 6 is

shown a centrifuge such as is

used in the laboratory. The

mixture to be separated is placed in a small glass tube (Fig. 6, a), and

by the action of centrifugal force the solid body is generally so strongly

compressed that it forms on the

bottom of the tube a compact
mass from which the liquid can

be poured off. For demonstration

purposes one can employ a sus-

pension of very finely divided clay
in water which cannot be clarified

by means of an ordinary filter, but

can be so by means of the centri-

fuge.
17. Solid-Gas Mixtures.

All powdered solid bodies are,

under ordinary conditions, mix-

tures of solid and gas since they
contain air between the solid

particles. For this reason also

they are always opaque, and even

a quite transparent body, e.g. a

piece of calc-spar, yields a white,

chalk-like mass on being ground
in a mortar to a fine powder.

1
FIG. 6.

Since, under these conditions, one

is aware of the presence of air special mention is not generally made of

it, and such powders are regarded as being pure substances.

1 Even when the powder is completely freed from the air by means of a pump, it

.still remains opaque, although no longer a mixture. This is due to the fact that a

u
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As in the case of solid-liquid mixtures so also in the case of solid-gas
mixtures, separation takes place of its own accord under the action of

gravity, and in the latter case much more readily and rapidly than in
the former owing to the greater difference in density. But in this case
also a solid powder which has settled out from a gas retains in its

interstices a corresponding amount of the gas ;
and this cannot under

ordinary circumstances be completely removed although its amount
can be reduced by shaking, tapping, and compressing. The last traces,

however, can ultimately be removed by means of an air-pump since

gases possess the well-known property of completely filling the space
offered to them, thereby becoming more rarefied. Nevertheless, one
encounters here also a phenomenon similar to wetting, the gas being
retained on the surface of solids with especial tenacity ;

and for this

reason the removal of the air by the pump is always less effective than
it should be according to Boyle's law. This applies more especially to
the last traces of the gas which are removed from the solid surface only
very slowly and with difficulty. This phenomenon, which is known as

adsorption, will be considered again later.

When the relative amounts are reversed and we have a small

amount of solid in a large volume of gas, we speak of a dusty gas. In
this case also, owing to the action of gravity, the gas rapidly becomes
clear on standing, provided the solid particles are not extremely minute ;

in which case they may remain floating for a very long time. Such

dusty air can be purified, easily and very completely, by filtration

through a plug of cotton wool or other similar fibrous material. Centri-

fugal force, also, can be utilised for the purpose, the dust-laden gas

being allowed to stream into a conical vessel in such a way that it

assumes a circular or spiral motion. This method, however, is only

. employed industrially and is not used in the laboratory.
From the foregoing we see that the last two cases of mixtures possess

a great similarity to each other.

18. Liquid-Liquid Mixtures. Although some liquids, on being

mixed, dissolve one another, i.e. yield a homogeneous, transparent

liquid (as is the case with spirit of wine and water), others form mixtures

which resemble in many respects, more especially in their opacity to

light, the mixtures which have already been discussed. Since both

constituents are liquid, the mixture is of course also liquid. Never-

theless, owing to the formation of a large number of surfaces of separa-

tion which offer a certain resistance to change, conditions may arise

under which a system is produced which, in certain respects, resembles

a solid body. Thus many of the salves of the druggist are such liquid-

liquid mixtures although, like a solid body, they retain the forms which

difference in the refractive power for light at closely a<l.j;icent points is sufficient to

produce opacity ;
and since a vacuum has very nearly the same refractive power as

air, the removal of the latter produces no visible alteration in the appearance of the

powder.
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have been imparted to them (as when they are manipulated by means of

a spatula, for example).
Mixtures of two liquids, in which one of the liquids preponderates,

are called emulsions. The name is derived from that of milk 1
(Lat.

emulsum), which is a mixture of this kind consisting of a watery liquid

and the semi-solid butter-fat. Where differences of density exist, as

is generally the case, the constituents separate slowly under the action

of gravity into an upper and lower layer. Thus, for example, the less

dense butter-fat collects, on standing, on the surface of the milk, and
constitutes the cream, rich in fat

; whereas, underneath, we get the

skimmed milk, which is deficient in fat. In this case also the separation
can be greatly accelerated by the action of centrifugal force

;
and in

the milk industry extensive use has long been made of
"
separators,"

which depend on the application of centrifugal force.

On the other hand emulsions can in general be separated only with

difficulty by filtration, by reason of the fact that the liquid droplets

can, when under pressure, pass through much smaller pores. Indeed,

separation of emulsions by filtration is possible only when one of the

constituents is to some extent viscous, and when only a slight pressure
is employed, and more especially when use is also made of the varying

property of the filter material of being wetted.

Of the two liquids of which an emulsion is formed, the smaller portion
consists of separate droplets which, under the action of surface tension,

assume a spherical form. These float about in the other liquid which
forms a continuous mass through which the droplets are distributed.

On the other hand, if the two liquids are present in about equal amounts,
it is possible to prepare two different kinds of mixtures of the same liquids
in the same proportions ; namely, one in which the one liquid is present
in the form of droplets, and another in which the other liquid forms
the droplets. To obtain these, one starts with liquid A and adds to it,

with vigorous shaking, successive small portions of liquid B ;
or one

starts with liquid B and proceeds in the reverse manner. This is in so

far remarkable that it represents the simplest possible way in which
two completely different products can be formed from the same pro-

portions of the same two constituents. In the present case this

behaviour is due to the fact that the two liquids in the emulsion do not
have the same but a different function. The one liquid forms the

droplets, the other their surroundings, the
"
honey-comb."

19. Liquid-Gas Mixtures. Owing to the action of surface

tension very small quantities of liquid assume the form of spherical

drops. As constituents of mixtures these behave so similarly to solid

bodies that when the dimensions are very small it is sometimes difficult

to distinguish between the two. In the case of larger portions, however,
the differences become obvious.

A mixture of a liquid and a gas, in which the former is present in

1 The Latin verb emulgeo is allied to the word "milk" (Skeat). Tr.



larger amount by volume, resembles an emulsion. It consists of a

continuous liquid portion through which are disseminated unattached

gas bubbles, the walls of which approach to the spherical form when the

liquid is present in abundance. This is a consequence of surface tension

under the action of which liquid surfaces contract as far as possible, and

consequently assume the spherical form. A demonstration of this

property can be obtained by violently shaking a bottle half rilled with

oil. Such mixtures also are produced in water and in other liquids.

When the gas bubbles are very small such mixtures have quite the

appearance of emulsions ; separation into the constituents, however,
takes place much more readily on account of the very much greater
difference in density.

When the amount of the gas increases, one obtains afoam, the walls

of which are formed of thin films of liquid and which retain their shape

owing to the action of surface tension. These walls have greater or less

stability according to the nature of the liquid. Thus, whereas pure

spirits of wine can scarcely form a foam because the walls immediately
burst and unite to form a continuous liquid, with soapy water very

persistent foams can be produced which may be kept in moist air for

many days.

Lastly, when only a very little liquid is present in the form of very
small droplets in a large excess of gas, we have a fog. Ordinary fog
consists of water droplets in air. That many other liquids can also form

a fog is a fact which one encounters in the laboratory more often than

one wishes. More especially is the fog which is produced by the

evaporation of sulphuric acid one carries out the experiment by
heating a drop of the acid on a piece of platinum foil or crucible lid

as persistent as it is disagreeable in character.

The separation of such mixtures is effected in a manner quite
similar to that used in the previously described cases. A fog can be got
rid of by filtration through a plug of cotton wool

;
foams and other

gas-liquid mixtures are allowed to stand until gravity has effected a

separation. In cases of haste, recourse can be had to the centrifuge,

which has a correspondingly rapid action.

20. General. Every mixture is defined when one states what

constituents are present, and in what proportions. An exception is

met with in the case of liquid-liquid mixtures, in the case of which two

possibilities exist throughout a certain middle range (p. 20). If one

separates any mixture into its constituents and then brings these

together again in the same proportions, another mixture is obtained

having the same properties as the initial mixture. The relationship is

therefore a reciprocal or mutual one, the composition of the mixture

and its properties being definitely related, so that one can tell the

properties from the composition and the composition from the

properties. These are certainly very simple and
"
axiomatic

"
truths

;

but it is nevertheless well to emphasise them because they form a good
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foundation for the understanding of the chemical relationships in the

narrower sense.

The properties of mixtures are not only definitely related to those of

the constituents, but they can, to a certain extent (in so far, namely, as

they do not depend on the spatial relationships and more especially on

the size of the portions of the mixture), be calculated from the properties
and the relative proportions of the constituents. Thus, for example,
the volume which a mixture occupies, is equal to the sum of the volumes

of the constituents
;

for a mixture is defined by the property that the

constituents have the same properties within the mixture as in the pure
state.

On the other hand, however, the common surface of the constituents

undergoes change with the size of grain of the particles. Such properties
as depend on this (e.g. rigidity, transparency, mobility) may therefore

be different in the case of mixtures of the same substances in the same

proportions. A piece of chalk lying in water, and the white mud
which is obtained by rubbing up a piece of chalk with water, illustrate

this essential difference.

The mixture exhibits very remarkable and new properties more

especially when one constituent of the mixture is present in excessively
small particles. Such things have been taken note of by science only
in quite recent years, and such forms of a substance have been classified

under the name of colloid. A fuller discussion of this will be given later.

21. Summary. The concept of a mixture has been established as

that of a body to which the definition of a substance cannot be applied,
because its different parts possess not the same but different properties.

Every mixture, however, can be split up into a finite number of sub-

stances by separating its different constituents and collecting these

together separately.
These portions are called the constituents of the mixture Every

mixture is characterised by the nature of its constituents and by their

relative amounts. These relative amounts are true fractions, which

represent the amount orweight of each constituent in any given quantity
of the mixture divided by the weight of this amount. They characterise

a mixture much as the properties characterise a pure substance, for

they have the same value independent of the absolute amount used for

their determination, provided, always, that the constituents are uni-

formly distributed through the mixture.

A mixture can be compounded from its constituents, and can again
be split up into its constituents. In this process the latter are again
obtained in unchanged amount, provided that no chemical reactions

have taken place between the constituents. This case, however, is

excluded from the discussion.

Further, mixtures exhibit certain general properties which are

independent of the nature of the substances, when one classifies them

according to the physical state of the constituent substances. With two
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constituents six cases are theoretically possible, of which, however, only
five are met with because gas mixtures have no permanent existence.

Solid -Solid mixtures form either powders or solid bodies.

Their constituents can often be recognised even with the naked eye, or,

if necessary, by means of a lens or microscope. In order to separate
them, the mixture must first be powdered and then subjected to elutria-

tion (" washing "), or they can be separated by means of a liquid, the

density of which lies between that of the constituents.

Solid-Liquid mixtures form a transition state between the solid

and the liquid, according to the relative amounts. Separation is

effected by filtration and by centrifuging.
Solid-Gas mixtures are the common ones

; powders exposed to

air, on the one hand, and dust-laden gases, on the other. Separation
takes place on standing and by filtration.

Liquid-Liquid mixtures form emulsions, i.e. turbid liquids which
can be separated by the action of gravity, or by centrifugal force. Of
two liquids which form such an emulsion, one is present in the form of

droplets, the other in the form of a medium enclosing the droplets or as

a
"
honey-comb." Consequently, the same two liquids can form two

different emulsions, by exchanging these two rdles.

Solid-Gas mixtures form foams and fogs. The stability of the

former depends essentially on the properties of the surfaces. Separa-
tion is effected in a similar way to that used in the other cases.



CHAPTER III

THE LAWS OF CONSERVATION

22. Change of Weight in Chemical Processes. If we choose out

for closer investigation some of the innumerable chemical phenomena
which occur daily around us, we are struck with the changes in the

amount of the substances taking part in the chemical process. When
the stearin of a candle or the petroleum in a lamp burns, these sub-

stances seem to disappear entirely ;
the wood or coal burning in the

fire leaves behind only ^ih to tV^h f its weight of ash. On the

other hand, the sulphuric acid manufacturer obtains about three

kilograms of sulphuric acid for every kilogram of sulphur converted.

Changes of weight are therefore connected with chemical processes,
and we have now to ask whether any generalisations can be made

regarding these.

The examples we have just cited a'ppear only to lead to the con-

clusion that in chemical processes diminution as well as increase in

weight may occur. These are, however, not suitable examples for

deciding the question, for the processes take place with the substances

in free communication with their surroundings, especially with the air,

and do not therefore allow of a balance being drawn up. To achieve

this we must conduct the experiments in a closed space.
23. Experiments. At the bottom of a large, thin-glass flask

(Fig. 7), and resting on a layer of asbestos, is a small dish containing a

little phosphorus. Phosphorus is a substance which requires only a

slight elevation of temperature to cause it to take fire. The flask,

closed by a stopper through which pass two copper wires joined together
at the bottom by a very thin iron wire, is exactly counterpoised on the

balance. On passing an electric current the thin wire is heated and

ignites the phosphorus, which at once bursts into flame. In a short

time the phosphorus becomes extinguished, while the flask has become
filled with dense, white fumes. On again placing the flask, after it has

become cold, on the balance, no change of weight is observed.

The flask must be allowed to cool before being reweighed. So

long as it is warm it warms the air surrounding it, and this, ascending,
24
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raises the flask slightly upwards, and makes it therefore appear too

light.

Secondary circumstances of a similar nature, which more or less

affect the result, are always met with in carrying out quantitative

experiments. If an exact result is

desired, these circumstances must
be known and their influence either

annulled or, if this is not possible,

taken into account. The real difficulty

of exact measurement lies in these

secondary influences, and only by a

varied experience, obtained by per-

forming the experiments under as many
different conditions as possible, can

one succeed in so controlling these

influences as to obtain exact measure-

ments. Compared with this, the carry-

ing out of the actual measurement is

generally an easy matter.

The fact just described, that when
combustion takes place in a closed

space no change in the total weight is

observed although certain substances

disappear and others are produced, is

a general one. No matter what sub-

stances are burned under these con-

ditions, a change of weight never occurs.

This law, moreover, is not restricted to combustions, but is true for all

chemical processes. To illustrate this we may perform the following

experiments :

A wide test-tube is placed in a conical flask with wide mouth (an

Erlenmeyer flask) (Fig. 8). Two substances which, on contact, react

chemically with each other, are placed, one in

the conical flask, the other in the test-tube, so

that they are kept separate. The flask having

been carefully closed and its weight determined,

the substances are brought into contact by tilt-

ing the whole apparatus. Chemical reaction then

takes place, generally accompanied by rise of

temperature. On again placing the apparatus,
-

after cooling, on the balance, its weight, is seen to

be unchanged.
1

Another method of performing this experiment is shown in Fig. 9.

1 The following substances which give rise to chemical reactions recognisable by

conspicuous changes, may be used, mostly in concentrated solution : Potassium carbonate

and calcium chloride (white precipitate), silver nitrate and caustic potash (brown-black
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This method is more convenient, but the two-limbed glass vessel must
be specially made, whereas the vessels used in the first form of the

experiment can be obtained ready made.
The experiment can be made still more clear by making two pieces

of apparatus whose size, contents, and weight are about the same, and

then, after counterpoising these on a balance with the help of the

necessary additional small weights, initiating the chemical reaction.

This arrangement of the experiment has the especial advantage
that the buoyancy of the air, which acts on all objects, causing them to

appear as much lighter as the weight of the displaced air, is made

equal on both sides. In this way any changes in the density of the

air do not affect the equilibrium, since the change in the upward force

of the air amounts to the same on both sides. In carrying out exact

measurements of this or a similar kind, use is always
made of this artifice.

To prevent any possible escape of the sub-

stances formed through the seams of the cork, the

neck of the vessel is heated till the glass becomes

soft, and the two portions are drawn apart ;
the

Plo 9 connecting piece becomes contracted to a narrow

tube which is then fused together. The contents

are then enclosed entirely by glass, and there is no longer any danger
of an escape of substance. This method was formerly known as

hermetically sealing, being so called after Hermes Trismegistos, a

mythical chemist of ancient times. It is now generally known as

sealing up in glass.

24. Conservation of Weight. All the relations which have just
been described can be summarised in a Law of Conservation of Weight,
which states that the total weight of the substances taking part in any
chemical process remains unchanged that the weight, therefore, is

conserved.

Nor is any physical process known by which such a change is pro-
duced. The law of conservation of weight, therefore, holds universally.

The weight of a given substance is the force with which it tends to

approach the earth. This force changes with the latitude and with

the height of the place above the level of the sea, but obeys the law
that it changes in the same ratio for all bodies. If, therefore, two bodies

have the same weight at one place, they have also the same weight at

all other places. The ratios of any weights are, therefore, constant and

independent of locality. These ratios are called the relative weights of

the particular bodies. Since these alone are of interest for the chemist,
and since it is only these that he determines by means of the balance,

precipitate), antimony trichloride and sodium sulphide (orange-red precipitate), zinc

oxide and hydrochloric acid (clear solution), silver nitrate and ferrous sulphate (separa-
tion of metallic silver), hydriodic acid and iodic acid (separation of iodine), chloral

hydrate and caustic potash (formation of two liquids).
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we shall in future use the word weight always to denote the relative

weight.

The mass of a body is proportional to its weight. Bodies which
have equal weights have also equal masses, and if their weights are

different they stand in the same ratio to one another as the masses.

Since the ratio of weights is independent of place, the masses of different
bodies are, under all circumstances, in the same ratio as their weights.

If we unite this law with that of the conservation of weight in all

processes, it follows that the total mass of any system is not changed by any
process which may take place within that system.

These two laws are often designated as the law of the conservation

of matter
;

there being understood, somewhat indefinitely, by matter

a something to which all the properties of the bodies are attached.

On account of the indefiniteness of the conception of matter, there

enters also into the corresponding law an indefiniteness which is not

inherent in its nature, and which makes its content less clear than it

really is. We shall therefore retain the more exact form of the law,

which refers to weight and mass.

25. Some General Conceptions. Work. Although the concep-
tions of mass and weight belong to physics, and a knowledge of them

may therefore be presupposed, still in the interest of later chemical

considerations, the most important points in this connection may be

discussed briefly here.

To bring about spatial changes on bodies, an exertion is necessary

which we call by the name work. This exertion, or the work, depends
on the nature of the body and the change of position which occurs.

A very simple case is afforded by the movements in the neighbourhood
of the earth's surface.

If, for the estimation of work, we make use of the exertion of our

muscles, we obtain the following result. To raise a body, work is

necessary, and this is greater, the greater the height to which the

body has to be raised. The raising through consecutive equal dis-

tances requires, however, always the same work. For the rest, the

work increases with the weight of the body, but is independent of

any of its other properties.
In accordance with these relations, we define work as a magnitude

which is proportional to the height h to which a body is raised, and to

the weight w of the body. A magnitude which is proportional to each

of two other magnitudes is also proportional to the product of these

magnitudes. If A denotes the work, we should, therefore, write, A = wh,

putting the factor of proportionality equal to 1.

When we raise a stone we perform work on it, or we transfer work

to it. On the other hand, the raised stone can, by falling down, per-

form work on other bodies. It thus loses work, and in order to bring

it back to its former position work must be again imparted to it. We
can therefore regard the work as being connected in varying amount



PRINCIPLES OF INORGANIC CHEMISTRY CHAP.

with the stone, whose gain or loss in that quantity we shall calculate

with plus and minus, as in the case of any other gain and loss. Work
which is gained by the body is called positive ;

that which is lost by it,

negative.
26. The Law of Conservation of Work. In physics many

simple machines are described, such as the lever, the inclined plane, the

wheel and axle, the pulley, etc., which have all the property that they
allow of the transmission of work from one place to another. When
such a machine (we shall consider, for the sake of illustration, a lever

loaded with weights) is moved, it takes in work at one point and gives
it out at another. Now, experience has taught that in all these

machines, no matter how they are constructed, the work which is

given out is never greater than the work that is put in
; rather, the

two are equal.
If we reckon the work put in as positive and that taken out as

negative, the sum of the two is in all machines equal to zero.

This law can also be expressed thus : A given quantity of work
can be neither increased nor diminished by a machine, but remains

unchanged. There exists, therefore, a general law of the conservation of
work.

The possibility of stating such a simple law, by denning work in

the manner given above (p. 27), is the chief reason for choosing that

definition. If, now, we bring the law we have just stated to the test

of experience, we find a large number of cases which appear to be con-

tradictory to it. We can observe continually that work disappears
without other work making its appearance in its place. The work put
into a wound-up clock is no longer there after the clock has run down,
and fresh work must be put in to keep the clock in motion.

In this respect, however, we also know that clocks are different.

An ordinary timepiece must be wound up every day ;
a better one,

with equal weights and equal height of winding, will go for a week
;
and

clocks can now be bought which go for more than a year with one

winding up. By improving the mechanism of the clock, the loss

of work can therefore be made less and less, and if we imagine the

improvement continued indefinitely, the loss of work will converge
to zero.

The law we have just stated, then, is valid exclusively for ideal

machines, i.e. machines in which no work is lost. It represents, there-

fore, a limiting law, to which the actual phenomena certainly approxi-
mate, but which they never really fulfil. The justification for putting
forward a law which is never fulfilled is to be found in the fact that
the amount of deviation from the law can be minimised to any desired

extent
;

it represents, therefore, nothing essential, whereas the equality
of work expressed by the law is the relation to which all machines
can be made more and more to approximate.

In the enunciation of this law we recognise the method of
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abstraction, which was described on p. 3. Disregarding the irregular
deviations which can be minimised at will, we obtain the conditions

with regard to which we can state simple relations.

The question as to what then becomes of the work that is lost

in the case of imperfect machines will be treated in detail later on

(pp. 38 and 39).

27. Kinetic Energy. Besides the cases we have just described

in which work is -lost through what is called friction, there are others

in which work disappears, but where we cannot speak of friction and
where the loss cannot be made as small as we please. This occurs,
for example, when we allow a heavy body to fall. It loses an amount
of work corresponding to the height through which it falls. It has,

however, passed at the same time into another condition, since it

possesses a certain velocity.

By virtue of this velocity it can again give out work. This is seen

in the case of the pendulum, where the ball, after having been raised

to a certain height, loses work as it falls in its circular path, and gains
at the same time in velocity. Having reached its lowest position, it

passes beyond it and gains work as it ascends
;

at the same time its

velocity diminishes, and when this becomes zero, the pendulum has

reached the same height as it was to start with. This process is then

repeated over and over again.
This description, also, holds only for the ideal extreme case in

which friction is made to disappear. By suspending balls by means

of exceedingly thin quartz fibres in a space rendered as vacuous as

possible, pendulums have been made which, with one impulse, have

carried out many thousand oscillations.

As is evident, one can interpret these processes by saying that

during the falling of the pendulum work is transformed into some-

thing else which, during the second part of the oscillation, can again

change into work. In the ideal case this reciprocal transformation

takes place completely.
Since experience has shown that many other cases occur where

work is converted into something which can be reconverted into work,

it is expedient to introduce a general name for this. This thing is

called energy, and we include work also under this conception. Energy

is, accordingly, work, and all else that can be produced from and be

reconverted into work. For example, there is a chemical energy which

can also be converted into work.

The body which, through falling, has lost work, possesses motion

in consequence of the fall. Motion can be produced only through

expenditure of work (or, generally, of energy). The special kind of

energy which is produced in this case may suitably be called energy of

motion [kinetic energy].
Motion is measured by velocity, which is equal to the ratio of the

distance through which the body has passed to the time required.
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We have already (pp. 4 and 5) fixed the units in which these two

magnitudes are to be measured
; they are the centimetre and the

second. The unit of velocity is therefore also determined
; it is the

velocity when one centimetre is passed over in one second, or some-

thing like the velocity with which a beetle runs.

If, therefore, in the case of a movement, we measure the distance

s which is passed over in time t, the velocity c is given by the equation
c= s/t.

28. Mass. Even a very rough experiment will teach us that the

same expenditure of work does not produce the same velocity in all

bodies. On the contrary, the velocity which a thrown stone, for

example, acquires is, when the exertion is the same, so much the less

the larger the stone. The kinetic energy, therefore, cannot be measured

by the velocity alone, but another factor must be taken into account,
which increases with the size of the body. In order to be able to talk

of this factor, we call it the mass.

If we call two masses equal when equal work impresses on them

equal velocity, we may, by combining such equal masses, prepare any
multiple of them we please, and, therefore, measure the masses. If

the masses are changed and the velocities which are produced in them

by the same amounts of work are measured, these are found not to be

inversely proportional to the masses, but the squares of the velocities are

inversely proportional to the masses
; or, the products of the masses

and the squares of the velocities are, for equal amounts of work, equal.
For different amounts of work these products are proportional to the

work.

Calling, therefore, the mass m and the velocity, as before, c, the

expression me2
is proportional to the work which the falling body

has received and converted into kinetic energy. If A is the work
this relation will be represented by the equation A = kmc2

,
where k is

a factor depending on the units chosen.

29. Units. We have not yet chosen the unit of work nor that of

mass
;
we have, however, already the unit of velocity. We can, there-

fore, still make a decision as regards either the mass or the work.

Now, a mass is easily preserved and its relation to other masses

easily measured, as we shall presently see. The storing, however, and
measurement of a definite amount of work are much more difficult.

The decision has, therefore, been come to, to arbitrarily fix a mass.

For this purpose there is used a piece of platinum preserved in Paris,

which, on account of the properties of the material and the care with
which it is preserved, affords the greatest possible security against

change. Also, as in the case of the unit of length, numerous exact

copies of the same material have been made, whereby security against
the chance loss of the unit is obtained.

As unit of mass there is used, not this piece itself, whose mass is

called a kilogram, but the thousandth part of this mass, called the gram,
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or, abbreviated, g. or gm. This mass is very nearly equal to the mass
of 1 c.c. of water at 4 C. 1

In the equation A = kmc2
,
we have still to make a decision as to

the factor k. For reasons which cannot be discussed here, this factor

has been put equal to J, so that the equation reads A = Jmc2
.

The unit of kinetic energy, in the first instance, is hereby fixed.

If 1 gram moves with the velocity of 1 centimetre in the second

(abbreviated cm./sec.), the energy amounts to J . 1 . 12 = J. The unit

of kinetic energy is therefore double this amount. From the equation
A = |we

2 the unit of work is also equal to twice the work which can

be gained from the kinetic energy of 1 gram having the velocity of

1 cm./sec. This unit is called an erg.

If we measure the work and also the kinetic energy in the units

just fixed, experience teaches that in the conversion of work into

kinetic energy, and vice versa, as much of the one disappears as is

produced of the other, and that therefore the sum of the two is

constant. For these two forms of energy together there is, therefore, also a

law of conservation.

30. Weight and Mass. Having fixed the unit of work, we can

now determine the factor of which it consists. In the case of a heavy

body moving in the line of fall, the unit has been defined as the

product of the weight and the distance. Now, not only in this case

has work to be performed, but in many others also. All these cases

agree in the fact that one of the factors of the work is a distance over

which the body under consideration has to be moved. The other

factor receives, generally, the name of force. A force, therefore, is

present in those cases where a change in the position of the body cannot

be effected without expenditure of work.

Since the unit of work has just been fixed, and the unit of distance,

being a length, is given by the centimetre, we have no choice left

with regard to the unit of force
;

this is the force which, acting over unit

distance, performs unit work, or 1 erg.

By means of this definition we can easily calculate the value of

gravity. This changes, as already mentioned, with the locality. In

medium latitudes, it has the value such that 1 gram falling through 1

centimetre acquires the velocity of 44-26 cm./sec. If we call g the

force of gravity acting on 1 gm., or its weight, the work performed

in the movement through 1 cm. is equal to g x 1, and this must be

equal to the kinetic energy produced, viz. g = J x 1 x 44-32 = 980.

The force of gravity has the value 980 ;
the weight of one gram is

equal, therefore, to nearly 1000 units of force

Between the force of gravity and the mass of a body there exists

1 As the result of the work carried on for many years by the International Bureau

of Weights and Measures at Sevres near Paris, it hns been found that the weight of

1 c.c. of water is not exactly equal to 1 gm., but to '999973 gm. A litre or 1000

c.c. of water, therefore, weighs 0'027 gm. or 27 mgm. less than it should according to

the theoretical definition.



32 PRINCIPLES OF INORGANIC CHEMISTRY CHAP.

a very remarkable relation, which, experimentally, finds expression in

the well-known fact that all bodies, large or small, fall equally fast.

This, it is true, is also only a limiting law, since it holds good only
when the resistance of the air is excluded. Still, this condition can
be fulfilled, experimentally, with great approximation.

We have seen that the square of the velocity which a definite

amount of work produces in a body is inversely proportional to the
mass moved (p. 30). If then, as in the case of the free fall, two different

bodies, falling through equal distances, acquire the same velocity, they
can do so only if the amounts of work are proportional to the masses.

And as the distances in both cases are equal, it follows that the forces
must be to one another as the masses. The forces are, in the present case,

called the weights. In the case of heavy bodies, therefore, the weights are

proportional to the masses.

Expressed in formulae, we have the following : Let the two
masses be m and m

2 ; by falling through equal distances, s, they
acquire, as experiment shows, the same velocity, c. The amounts of

work converted in both cases into kinetic energy, are w-jS and w2s

where w and w2 are the weights of the bodies. The corresponding
kinetic energies, \m^ and Jw2c

2 are also equal to these. From the
two equations w

l
s= ^m-Lc

2 and W
2
s = fm2

c2 there follows, by division,

w-
L/m1

= w
2/m2 ,

or W1/w2=m1/m2 ,
which is the proposition we have just

stated.

We cannot look on this result as
"
self-evident." So little is this

the case that it is not even intelligible, i.e. it has not yet become clear

what connection this remarkable proportionality has with anything else.

We are dealing here with a constant ratio between two quantities of

a totally different kind. The masses have nothing directly to do
with the weights, for they are only the measure of the kinetic energy
which a body possesses when it has a definite velocity (p. 30). The

weights, on the other hand, are the forces by virtue of which bodies

tend towards the earth, and which find their expression in universal

gravitation.
31. The Balance. By reason of the universal proportionality be-

tween mass and weight, we can measure the one by means of the other.

If we choose the unit of weight in such a way that it is equal to the

weight which the unit of mass has, a determination of the weight gives

directly the numerical value of the mass. This is the case when we

take, as is universally done, the weight of 1 gram as the unit of relative

weight (p. 27).

Besides the gram there are also used its multiples and its sub-

divisions. Of these, the ones most employed are the kilogram, which
is equal to 1000 or 103 gm., and the milligram or 10

~ 3
gm. The other

magnitudes (decagram = 10 gm., hectogram= 100 gm., decigram =
0-1 gm., centigram= 0-01 gm.) are but seldom used, and for scientific

purposes should never be used at all.
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For the chemist, now, neither the question, how much kinetic

energy a body acquires under a given velocity (the mass), nor the

question, what force it exercises on its support (the weight), is of

supreme interest. An explanation is therefore necessary as to why the
balance is rightly called the most important instrument in scientific

chemistry.
When we buy substances for chemical purposes, for example, coal

or food, which is of course done by weight, the mass and the weight
of these things have likewise no direct interest for us. The determining
factor is that the chemical values, the nutritivelvalue or the heat that can
be obtained by combustion, are also proportional to the mass and the

weight. These values are all energy magnitudes. In mass and weight,

therefore, we have a measure of the chemical energy, or the work

FIG. 10.

which the bodies can do by chemical transformation ;
and we determine

the weight when we wish to measure the amount of chemical effect.

How this is done in detail will be discussed later (Chap. XI.).

The chemist's balance (Fig. 10) is a lever with two equal arms.

Weighing consists in allowing the body whose weight is to be deter-

mined to act on one end of the lever, while different weights of known

value are made to act on the other end, until equilibrium is established,

i.e. until the lever turns neither in one direction nor in the other. The

two weights are then equal, and the unknown weight of the body is

obtained from the value of the weights used.

The balances used in ordinary life differ essentially only in

sensitiveness from those used for scientific purposes. While an ordinary

kilogram balance will still show differences of 1 gm., but not of O'l gm.,

the best scientific balances, when loaded with 1 kilogram, will show a

difference of one-hundredth of a milligram, or 0-00001 gin. The former

D
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has, therefore, a limit of error of 0-001, the latter of 0-00000001. The

latter, therefore, allows of the determination of weight and mass ratios

with proportionately greater exactness.

This increase in the sensitiveness of the balance is effected by
minimising, as far as possible, the hindrances to movement due to

friction. The axis of rotation of the beam of the balance is formed

by a knife-edge made of hard steel or agate, resting on a plane of hard

stone. In the same way, the axis from which the pans for the weights

and. for the body to be weighed are suspended, are formed by knife-

edges resting on planes. The three knife-edges must be parallel to

one another and in the same plane.
To prevent the knife-edges from wearing away too rapidly they

must be allowed to rest on the planes only during the time the balance

is being used. Every good balance is therefore furnished with an

arrangement for
"
arresting

"
it. This is so made that by turning a

knob or a handle the scale pans are first raised from the end knife-

edges, and then the beam from the plane on which it rests. The

weights, etc., are placed on the scale pans while the balance is
"
arrested."

On slowly
"
releasing

"
the balance it can be seen in what direction

the beam moves, and whether the weights have to be increased or

diminished.

Since a moderately good balance detects amounts even as small

as 0-0001 gm., one would require weights of a corresponding value in

order to finish the weighings. These are very inconvenient to handle,

and chemical balances are therefore furnished with another arrange-

ment for determining the smallest weights. The balance beam, from

the middle to the end knife-edges, is divided into ten parts, and there

is a contrivance by means of which a weight of 0-01 gm., which from

its form is called a
"
rider," can be placed at any point on the beam.

According to the law of levers, the effect of the weight is smaller the

nearer it is placed to the axis of rotation. If, for example, the rider

is placed at a distance from the axis equal to y\ths of the length of the

beam, it acts as a weight of 0-003 gm., and every tenth of the beam

corresponds to one milligram.
In weighing, therefore, it is necessary to counterbalance a body

only to within 0-01 gm. with weights, and then to move the rider till

complete equilibrium is obtained. The tenth and hundredths of the

beam length give the milligrams and tenths of a milligram which have

to be added to the weights.
The production of equilibrium is shown by a pointer attached to

the beam of the balance and moving in front of a scale. Since a good
balance does not remain at rest, but continues oscillating for a long time

like a pendulum, one observes the extreme positions of the pointer

or the deflections, and takes the mean of these.

To complete the weighing it is not expedient to obtain the final

adjustment by shifting the rider, as we have just assumed for the
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sake of clearness, but use is made of the fact that the change of the

position of rest is proportional to the excess of weight. If the change
of zero caused by a change of 1 milligram in the weight has been

determined, it is only necessary to set the rider at the nearest whole
tenth to be able to calculate, from the deviation of the point of rest

now obtained from that when the balance is unloaded or the zero,
the fractions of a milligram which would make the equilibrium

perfect.

32. Density and Extensity. The aids to the definition and
measurement of masses and weights just considered form the basis for

the determination of an important property possessed by all substances,

which, by reason of the great variation of its value from substance to

substance, is largely used for distinguishing and characterising these.

This is the density and the extensity (Rdumigkeit).
When defining the conception of

"
substances

" we expressly
omitted to take the mass into account (p. 1), as also the space occu-

pied by a given piece of the substance. Since, however, these two

magnitudes vary simultaneously and in the same degree, their ratio is

a definite property of the substances, and, according to the general

law, must always have the same value for a given substance under

given conditions.

If we denote the mass of a given specimen of a substance by m,
and the space which it occupies, or the volume, by v, we can form the

two expressions m/v and v/m. The former, the mass in unit volume,
is called the density or the specific gravity ;

the latter, the volume of

unit mass, is called the specific volume
;
we will call it the extensity.

The units in which these magnitudes are measured have already
been fixed : the unit of mass is the gram, and that of volume is the

cubic centimetre. Since the mass is expressed by the same number
as the weight, the density is equal to the weight of the body in grams
divided by its volume in cubic centimetres ;

hence the name specific

gravity. The extensity has the reciprocal value. If we call the

density d and the extensity e, we have the relation d=l/e and

e=l/d.
Of these two expressions, the density has, as a rule, the preference,

since, on viewing a body we first estimate its volume with the eye,

and obtain an idea of its weight only when we have taken it in the

hand. One refers, therefore, involuntarily, the weight to the volume,
and not the volume to the weight. For scientific purposes it is better

to employ the opposite relation. For the mass is an unchanging

magnitude in a body, whereas volume depends on pressure and

temperature, and it is more rational to refer the variable quantity to

the invariable than conversely.
In accordance with the common custom, however, the densities

shall in this book also receive the foremost place.

33. Measurement of Density and Extensity. To determine
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the ratio between volume and mass, a measurement of both magni-
tudes for the given body is necessary. The mass is determined by
weighing (p. 32) ;

the determination of the volume varies with the

physical state of the body. It is easiest in the case of liquids.

The most direct method consists in filling a vessel of known

capacity with the liquid, and determining its weight. Such vessels

can be made of various kinds according to the accuracy aimed at. A
very rapid and convenient method consists in the use of a vessel of

the form shown in Fig. 11, called a pipette (small pipe). It consists,

essentially, of a narrow tube, widened in the middle, and is filled by
dipping one end in the liquid and sucking at the other. On the upper

part of the tube is a circular mark indicating the limit of a definite

cubic content, which usually amounts to a round number of cubic centi-

metres. In filling, a slight excess of liquid is sucked up, and then,

closing the upper end of the pipette with the index finger, the excess is

cautiously allowed to run out till

the liquid stands at the mark. The
filled pipette is placed on the balance

in a horizontal position, resting on

a bent wire carrier (Fig. 11). If the

Fio empty pipette with the carrier has

been previously counterpoised, the

increase in weight gives directly the weight of the liquid.
The determination is simplest when a pipette of exactly 1 c.c.

capacity is used, and a weight made which counterbalances the empty
pipette along with its carrier. In accordance with commercial use

such a weight is called the tare. The extra weight is then directly

equal to the density of the liquid, since, of course, the divisor, the

volume, is equal to 1. Such a determination can be carried out with

an error which is less than 0-001.

Another method is based on the principle of Archimedes, according
to which a body sunk in a liquid experiences an upward pressure equal
to the weight of the liquid displaced. A glass sinker, closed on all

sides and hung by a hair or fine platinum wire, is counterpoised on

the balance
; it is then sunk in the liquid to be investigated, and the

decrease in weight, or the upward pressure, determined. The volume
of the sinker is determined by conducting the same experiment in

water
; the upward pressure in grams is equal to the volume in cubic

centimetres (p. 31). If this experiment is not performed at 4 C., one

finds from the tables of the expansion of water the weight of 1 c.c. at the

temperature of the experiment, and divides the upward pressure found

by this.

In this case also it is most convenient to make a sinker whose volume
is exactly equal to 1 (or to 10) c.c. The loss of weight gives then,

directly (in the case of 10 c.c. after moving the decimal point one place
to the left), the density of the liquid.
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Finally, for rapid determinations of the density the hydrometer is

used. This consists (Fig. 12) of a glass float terminating at the top in

a narrow tube within which there is a scale. The instrument is so made
that it floats perpendicularly in the liquid to be investigated. Since a

floating body sinks to such a depth that the weight of

the liquid displaced is equal to the weight of the

body, the position of rest varies with the density of

the liquid, and the scale is read at the point where
the stem passes through the surface of the liquid.
The scale is generally graduated so as to allow of

reading off the densities directly. However, other

scales are in use which have different names accord-

ing to their inventors, and whose zero corresponds to

the density of water. For scientific purposes these

have no importance.
34. Densities of Solid Bodies are determined

by two chief methods. Generally the bodies are

weighed first in air and then] in water or other liquid.
The first weighing gives the mass, the second the loss _
of weight or the upward pressure, and from that the FIG. 12.

volume. When the second weighing is carried out
in water the upward pressure is equal to the volume (the influence of

temperature being allowed for
;

vide supra}. If another liquid must
be used, as in the case of substances soluble in water its density must
first be determined by one of the methods just described, and the

upward pressure must be divided by the value of this. For the

volume of the liquid is equal to its weight divided by its density (p. 35).

In carrying out such experiments regard must often be had to

the fact that the bodies are not present in large pieces, but in grains
or small pieces. In this case they are weighed under water in an open
vessel of glass or platinum, as in Fig. 13. The weight of the vessel

under similar conditions, viz. immersed in the liquid, must,

of course, be previously determined.

Another method, employed especially with small quanti-

ties, consists in mixing together two liquids, one of which is

denser, the other less dense than the solid to be investigated,

so as to give a liquid whose density is equal to that of the

solid body. This identity is shown by the fact that the

body neither rises nor sinks, but remains suspended in

FlG 13
the liquid. The experiment is carried out by placing the

body first of all in a small quantity of the lighter liquid,

in which it sinks to the bottom. There is then cautiously added so

much of the other liquid till the suspension is produced. Generally

one will add rather too much of the second liquid ;
the error can,

however, be easily rectified by the addition of some of the lighter

liquid.
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When suspension takes place the density of the mixture is deter-

mined by one of the methods described on pp. 36 and 37.

As a heavy liquid there is used methylene iodide or acetylene
tetrabromide ;

as a light one, benzene or toluene. These liquids can
be obtained commercially.

The necessary information for the determination of the density of

gases will be given later (Chap. VIII.).

35. Influence of Pressure and Temperature on the Density.
It has already been mentioned that although the mass experiences

no change in any process, the volume is dependent both on the tempera-
ture and on the pressure. The density of a substance will, therefore,

also vary with these circumstances
;
and in order to make a statement

definite, the values of both of these must be given at the same time.

The influence of pressure is generally very small. The volume
of liquid substances is diminished only by some hundred thousandths

of its value when the pressure is increased by 1 atmosphere, and in

the case of solid bodies this influence is in most cases still smaller. It

is therefore necessary to have regard to this variability only in the

case of very exact investigations.
The influence of temperature is, however, much greater. The

volume of a given body is (with few exceptions) increased by a rise of

temperature. The amount of increase is very different in the case of

different substances, and is in general greater for liquids than for

solids. As a rough estimate one can assume that liquids expand by
about one-thousandth of their volume for every degree of rise. This

is, however, only a very rough approximation, since the amount varies,

not only from liquid to liquid, but also with the temperature itself.

The higher the temperature the greater is the relative increase of volume
with the temperature.

In the case of accurate statements of the density of liquids, there-

fore, a statement of the temperature is necessary. Approximate
statements, such as will often be made in this book, refer to room

temperature say 18 C:

36. The Other Kinds of Energy. In the discussion of perfect and

imperfect machines (p. 28) there still remains the question, What
becomes of the work which in imperfect machines disappears ? In

order to find an answer to this, let us make a machine which is as im-

perfect as possible, so as to make the effect produced by this factor as

clear as possible. In other words, we increase the friction to such a

degree that the machine consumes almost all the work that is put into

it, and gives out only a small amount of it in external wrork.

The result of such an increase of the friction is seen in the case of

badly kept axle-bearings in driving-engines, vehicles, etc. Those parts
where the friction is great become warm. A more exact investigation
shows that the amount of heat thus produced is proportional to the

work lost. Since, on the other hand, work can be again obtained from
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heat, as in the case of steam engines, it follows that heat is something
which can be obtained from and be reconverted into work. In accord-
ance with ivhat was laid doivn on p. 29, heat must be called a kind of energy.

If the heat be measured in units which are equal to the amount
obtained from an erg of work (p. 31), it is found that the heat pro-
duced in an imperfect machine is always equal to the loss of work.
If, then, the heat be also reckoned, the total amount of energy con-
verted is equal to the work put into the machine, and the law of conser-

vation again holds good.
These considerations can be extended. There are other forms

of energy which are produced from and which can again be converted
into work. A familiar example is electrical energy which, by means
of dynamos, can be produced from work and be again converted into

work or into heat, etc. Each of these forms of energy can be measured

by taking as unit the amount produced by 1 erg of work.
Another example is chemical energy. Combustion (p. 24) is a

chemical process. By the combustion of coal in steam engines, by
far the greater part of the work is produced which is used in the arts

and manufactures
;

this work is therefore a product of transformation
of chemical energy.

For all these forms together the law of conservation holds. If in a

closed system transformations of energy take place, the sum total of

energy remains, at each moment, unchanged, the production of one

energy being accompanied by the simultaneous disappearance of an

equivalent amount of another energy ;
and conversely, energy never

disappears without an equivalent amount of another form being pro-
duced. An essential supposition made here is that all the forms of

energy are measured in the same units, e.g. the erg.

The more exact explanation of this exceedingly important law

will be given in the course of our further discussions. We shall here

still touch only on the question, how it is possible to discover such a

wide and comprehensive law and to prove it inductively, i.e. support
it with a sufficient number of examples ? The answer is an historical

one.

In former centuries numerous mechanicians some of them ex-

ceedingly skilled busied themselves with the problem of perpetual

motion, i.e. with the construction of a machine which should keep
itself in motion, and at the same time perform external work. All

their endeavours remained fruitless, and it looks as if the work of

all these industrious and ingenious men had been in vain.

If, however, from this failure we draw the definite conclusion

that a perpetuum mobile is an impossibility ;
that it is, therefore, not

feasible to create work out of nothing, and that machines at best can

give out only the amount of work which is put into them, we obtain

the positive law of the conservation of work in perfect machines. The

further question as to what becomes of the work lost in imperfect
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machines, has led to the recognition that work can be converted into

other forms of an equivalent thing, which is called energy ;
and as the

final result of the impossibility of perpetual motion there is obtained

the law of the conservation of energy one of the most important laws

of all natural science.

Similar developments of fruitless labour into positive laws can

be recognised in other parts of natural science, and we shall at a later

time have to occupy ourselves with such cases.

37. Summary. The production and disappearance of substances

during chemical processes raises the question, whether these changes

obey any laws
;
and it is found as a universal experience, with no

exception, that the total weight of the substances taking part in any
chemical process remains unchanged. The total weight of the new
substances produced is equal to the combined weight of the substances

disappearing.
There holds, therefore, for all chemical processes (and for all other

known processes likewise) the law of the conservation of weight.

The mass of a given body is proportional to its weight, the ratio

of mass to weight being, for all bodies, independent of their other

properties, constant at a given spot. Hence there also obtains for all

processes, the chemical ones included, the law of the conservation of mass.

The two magnitudes, weight and mass, have no direct relation

to one another, and the law of their proportionality is a purely empirical
law.

An indirect relation between mass and weight is found by the aid

of the conception of work. Denoting by this name the product of a

force and the distance over which it acts, the law can be stated, for

the simple
"
machines," that in the limiting, ideal case, the work can

be neither increased nor diminished by such machines. There exists,

therefore, for them a law of the conservation of work.

In special cases, work apparently disappears. In these cases it

can always be shown that something else is produced at the same
time which is proportional to the work which has disappeared, and
which can be reconverted into work. If we denote all such things
as can arise from and be converted into work by the name energy, and
if we measure the different kinds of energy in units based on the con-

version of a definite amount of work taken as the unit, there holds

good, quite universally, a law of the conservation of energy.
There are various kinds of energy. Besides work in the sense

just denoted, kinetic energy, electrical energy, chemical energy, heat, were

characterised as various kinds of energy.
The unit of energy is called the erg. It was defined as twice the

energy contained in 1 gram of any body when it has the velocity of

1 centimetre in 1 second.

If the body has the mass m and the velocity c^ both measured in

the units just given, its kinetic energy is equal to Jmc
2

.
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When 1 gram falls through 1 centimetre, under the influence of

gravity, it acquires the velocity of 44-26 cm./sec. Its kinetic energy
is, therefore, equal to 980 ergs. This has been produced from the

work of gravity, which is equal to the product of the force of gravity
and the distance. Since the latter is equal to unity (1 cm.), the former

must be equal to 980. The force with which gravity acts on 1 gram is,

therefore, equal to 980 units.

A body of n grams on falling through 1 cm. acquires the same

velocity, since, as experiment shows, all heavy bodies fall equally fast.

Its kinetic energy, therefore, amounts to 980 n. Accordingly, the

force of gravity acting on n gm., amounts to 980 n units.

Relative weight is the weight of a given body as compared with

the weight of the mass unit, or 1 gram. It is numerically equal to

the mass of the body, and is independent of the locality. Only relative

weights are dealt with in chemistry.
In chemistry, weight and mass have a special importance, from

the fact that the chemical energy which can be obtained by the trans-

formation of any substance, is proportional to its weight and its mass.

Since the value of substances used for chemical purposes, e.g. articles

of food or fuel, are measured according to the amount of chemical

energy which can be obtained from them, the relative weight is also

a measure of the chemical value of different quantities of the same

substance.

In conclusion, we may group together the units we have selected

for the measurement of the different magnitudes. These units are

universally used in science, and* are called absolute units.

Unit of Time Second sec.

,, Length Centimetre cm.

Mass Gram gm.

Energy Erg e.

The last two units are not independent of one another since, when

one of them is given, the other can be determined from it with the

help of the first two.

From these fundamental units, compound units are derived by

uniting the proper magnitudes . Thus, the unit of velocity is the velocity

of 1 centimetre in 1 second, 1 cm./sec. The unit of force is that which

acting over 1 cm. performs the work 1 e., and is therefore represented

by 1 e./cm. It is called a dyne. The units of area and volume are given

by cm. 2 and cm.3 The unit of density is 1 gm./cm.
3

;
that of extensity

1 cm.3
/gm.



CHAPTEK IV

CHANGE OF PHYSICAL STATE

38. The Conditions Of Existence. The nature of the substances

which surround us is determined by the fact that they all exist under
definite and not very variable conditions, departure from which is

brought about only by the adoption of special measures. The conditions

referred to are, more especially, the pressure of the air, which on the

whole is equal to that of a column of mercury 76 cm. high, and the

temperature at the earth's surface. This varies within fairly narrow

limits, say 30 below and above the zero of the ordinary scale. Still

narrower are the limits of temperature in the laboratory, where alone

most of the substances are known to and handled by us. Should the

temperature there sink at any time (during the Christmas vacation,

say), to some degrees below zero, we afterwards receive all sorts of un-

foreseen surprises.
This shows that substances change when one alters the conditions

under which they exist. This is seen most markedly in the case of water

which passes at into a solid substance, ice. Every one is aware how
great a difference it makes whether the temperature in the open is above
or below 0. In the former case water is liquid, rivers and streams flow,

plants exhibit their vital activity which would not be possible without
the transport of substances through the liquid water in the body of the

plant. In the latter case, earth and water are covered with snow and

ice, and vegetable life ceases or is reduced to a minimum. But the

character of all other substances also undergoes a change according to

the temperature to which they are exposed, and this in a perfectly

general and defined manner. With rising temperature, solid substances

pass into liquids and liquids into gases ;
with falling temperature, the

reverse occurs. The temperature at which the change of state occurs,
differs greatly in the case of different substances

;
but the order in which

the changes take place is in general the same. There are, however,
certain cases in which a solid substance on elevation of the temperature
passes directly into a gas ;

but this behaviour depends on the pressure.
42



CHAP, iv CHANGE OF PHYSICAL STATE 43

By increasing the pressure under which the substance is investigated,
the normal behaviour can always be produced.

39. Pressure. Pressure is the manner of action of a special
mechanical energy, known as volume energy, which, as the name implies,

changes with the volume or space occupied by the body. The relations

are seen most clearly in the case of gases because in their case, com-

paratively small changes of pressure produce considerable changes of

volume, and these are consequently easily observed. In the case of

liquids and solids, however, change of pressure causes only slight
alterations in the volume. Although, therefore, these bodies also possess
a volume energy, it cannot be readily observed, and in their behaviour

it plays no marked part.
Evidence of the presence of a volume energy in the case of gases is

obtained on innumerable occasions. Thus, when a bicycle tyre is

pumped up, increasing quantities of ordinary air are introduced into the

unchangeable space of the tube, and its volume is thereby diminished.

The resistance which the air offers to this forcible treatment appears as

pressure ;
for the pump works with all the greater difficulty the larger

the amount of air already contained in the tyre. At the same time the

air presses with all the greater force against the walls of the tube and

brings it so much the nearer to the bursting point, the higher the

pressure rises. In the case of rather more perfect arrangements, there-

fore, especially in the case of automobile tyres, special apparatus,
so-called manometers, are employed which enable one to read off the

pressure, and which therefore give an indication of how long one must

or may continue the work of inflation.

Liquids, also, and solid bodies can exercise a pressure. As a rule,

however, this pressure is not due to a change in the volume of these

bodies, but to the fact that the weight of the particular bodies acts so as

to cause a change in volume somewhere. Thus, for example, every

liquid contained in a vessel presses on the walls of the vessel ;
and this

with all the greater force the deeper the particular part is below the

surface of the liquid or the higher the column of liquid above it. This

pressure tends to increase the volume of the vessel and, therefore, just

as in the case of the compressed air, to burst the vessel if the latter is

insufficiently strong.
Likewise every solid body by reason of its weight presses on its

support and tends to bring about a diminution in its volume in the line

of action of the pressure ;
that is to cause a depression at the point of

action of the pressure. Here also we find that the support, when not

sufficiently resistant, gives way and breaks, as, for example, when

insufficiently frozen ice breaks under the weight of the skater.

Although these kinds of pressure are of very great importance in

practical life and in the construction of buildings, they are of little

account in scientific chemistry. All the more is this the case with the

pressure of gases, so far as we have already discussed it. Liquids,
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further, serve as an important means for the production and utilisation

of pressure.
40. Measurement of Pressure. AB (Fig. 14) is a tube filled with

a liquid and closed at the lower end by a movable piston s. Its width
we shall suppose, is 1 sq. cm., and the density of the liquid d. If the

piston is raised 1 cm., the whole body of the liquid must move upwards
through the same distance and its upper surface will therefore rise 1 cm.
We observe that the present state of the system differs from the former

only in the fact that there is 1 c.c. of liquid less at the bottom of the

tube, and a like amount more at the top ;
in the middle of the tube the

amount of liquid is the same as before. The work which has been done
is therefore equal to that required to raise 1 c.c. of liquid through the

whole height, k, of the liquid, as will indeed be more

clearly realised when one considers the position of the

centre of gravity of the lower and upper cubic centimetre

of liquid with the movement of which we are here

concerned.

The work required to overcome the pressure which
exists at the bottom of the tube, through a volume of 1

c.c., is therefore equal to that required to raise 1 c.c. of

liquid through the whole height h
;
and this is equal to the

work of resisting the action of the weight through the

height h. The relative weight of the liquid raised, is equal
to the product of the volume and density, the former of

which is 1 and the latter d. We must further take into

account that the force of gravity is equal to 980 units

(p. 31) ;
and if we represent this by g, the total work done

in raising the liquid is 1 x d x h x g. To this the work is

equal which is done in pushing back the pressure through
1 c.c. If we call the pressure p, this work is equal to 1 x p,
and if we equate the two values we obtain, omitting the

B

FIG. 14.

common factors, p = (

The same expression is obtained if instead of the simple case con-

sidered any other more complicated assumptions are made. In all

cases, the work done against the pressure (or with the pressure) is equal
to the work of raising (or lowering) an equal volume of liquid through the

distance equal to the height the liquid rises above the point at which
the pressure is measured. The pressure of a liquid, therefore, due to

gravity, depends only -on the density and the depth of the liquid, to each
of which it is proportional. It does not depend on the form of the

vessel in which the liquid is contained. It varies also to some extent

with the value of gravity, and this, we have seen, varies with the latitude

and with the height above sea-level.

Owing to this simple relationship, the height of liquids is used for the

purpose of denning and measuring pressures. Generally, for this

purpose, use is made of the pressures exercised by mercury, because
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this metal is used chiefly in accurate gas measurements where a know-

ledge of the pressure is of essential importance. Accordingly the

pressure of 1 cm. of mercury is often used as the unit of pressure. It

has, however, the disadvantage that it is not independent of the locality
but changes somewhat with the force of gravity g. A unit of pressure
still more frequently employed is the atmosphere which represents the

mean pressure of the air, and has been fixed, by agreement, as equal to

76 cm. of mercury. In order to express this pressure in rational or

absolute units, it is necessary, in accordance with the equation p = hdg,
to multiply it by the density of mercury and by the value of g. Since

the density of mercury is 13-596, 1 c.c. of the metal weighs 13-596 gm.
and to raise this weight through 76 cm. requires a work equal to 1033-3

gm.-cm. This is the value of the pressure of one atmosphere when one

takes as unit the weight of one gram resting on an area of 1 sq. cm. A
safety valve having a cross section of 1 sq. cm. and loaded with 1

kilogram, approximately counterbalances the pressure of 1 atmosphere.

Finally, in order to obtain the absolute unit, it is necessary still to

multiply by the value of the force of gravity, the average value of

which is 980 (p. 31). An atmosphere, therefore, amounts to

76x13-596x980 = roughly, 1,013,000 units. It would amount to

almost exactly a million units if one had chosen the value of 75 cm.

of mercury for the mean atmospheric pressure instead of the incon-

venient number 76.

Since in this book we shall be concerned almost entirely with

relative pressures, we shall express these in ordinary atmospheres or

centimetres of mercury, according to circumstances.

41. Temperature. Temperature stands in the same relation to

heat energy, as pressure stands to volume energy. Thus, for example,
when two gases under different pressures come into contact, a movement

sets in from the region of higher to that of lower pressure. The winds

which are constantly blowing at the surface of the earth, are examples
of this general property. Similarly, when two regions at different

temperatures adjoin, heat immediately passes from the region of higher

to that of lower temperature. In both cases the process ceases only

when the pressure or the temperature has everywhere become the same.

That, in the second case, the heat can move alone without ponderable

material, whereas in the first case the gas as a whole moves, is due to

the fact that heat can move without matter, which, however, is not the

case with volume energy.
Just as a definite pressure rules in the whole world accessible to us

so also there obtains everywhere a definite temperature. With the

temperature very many properties of bodies, and more especially their

volume, undergo change. Use is therefore made of this change in order

to recognise and determine temperatures. The best-known instrument

for this purpose is the mercury thermometer, which consists of a vessel

(" bulb ") with a very narrow tube-shaped neck, containing pure
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mercury. This mercury occupies different volumes, according to the

temperature, and consequently stands at different levels in the tube. 1

These different levels can be identified by means of graduations on the

thermometer, the
"

scale
"

of the thermometer. We shall soon learn

the rules according to which the graduation is carried out and how the

graduations are numbered ;
and it will suffice for the present that we

can recognise a temperature from the fact that the mercury comes to

stand at the same point.
42. Fusion. -When different solid substances are heated, each of

them passes at a definite temperature into the liquid state, or melts.

Since the specific properties of a solid and of a* liquid substance are

certainly different, we have here a transformation of one substance into

another, i.e. a chemical process. At the same time it may be remarked
that changes of this kind constitute quite the simplest chemical pro-

cesses, because only one substance disappears and only one new sub-

stance is produced. When ice melts, the ice disappears and water is

formed
;
and it is well known that this process can readily be reversed.

When water is cooled sufficiently, ice is produced and the water dis-

appears, and these changes can be carried out as often as one pleases, in

either direction. Since for these changes as for all others (p. 26), the law
of conservation of weight is valid, we never find that the changes are

accompanied by a change in the amount of the substance used for the

experiment. Consequently the shorter expression has been formed,

namely that ice and water are
"
the same "

substance only in different

physical states. Also the view was formerly held that these reciprocal
transformations are not chemical but physical processes.

Nevertheless, the more careful study of the laws of chemical change,
which has developed sufficiently only in the last decades, has quite

definitely shown that the transformations which have just been men-
tioned obey the same laws as do the most complex and "

purely
chemical

"
changes ;

it is only that in the above very simple cases, the

laws assume specially simple forms. There are therefore good grounds
for regarding them as chemical changes, the simplicity of which renders

them peculiarly suitable for the study of the fundamental chemical

conceptions.

Fusibility is a perfectly general property of all solid substances, and
the temperature, at which fusion takes place is a specific property, which
like colour or lustre, is frequently used for the identification of different

substanses. To determine this temperature the substance is intro-

duced into warmer surroundings (e.g. the flame of a lamp) and its

behaviour is observed. In this way one finds that, say a wire of tin or

lead malts with very great ease, whereas one of copper or even of iron

1 The volume of the glass vessel also increases as the temperature rises but to a

much smaller extent than t'iat of the mercury. So far as the direction, therefore, is

concerne I, movement takes place as if the mercury alone expanded. In actual magnitude,
however, tliis "apparent" expansion is merely the difference between the expansion of

the mercury and of the glass.
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can no longer be fused in an ordinary flame. If a little common salt is

heated in a glass vessel, the glass becomes soft before the salt melts
; but

if the experiment is repeated using saltpetre, it is found that the latter

very soon becomes liquid. It melts, therefore, at a much lower tempera-
ture. Even quartz or mica, which cannot be fused even in a very good
lamp-flame, melt in the electric arc the temperature of which is very
much higher than that of a lamp. By means of a special lamp arrange-
ment, called the oxy-hydrogen blowpipe (to be explained later), metals

t

and minerals which resist the ordinary methods, can be fused.

In the fact, then, that all solid substances are fusible, we have a

perfectly general law of nature, to which we can add as supplement
that every substance melts at a certain temperature which is peculiar
to that substance.

43. Solidification. The equally general converse statement
can also be made, that every liquid substance, at some particular lower

temperature passes into the solid state, or solidifies. This is best known
in the case of water. If, during the night, the thermometer has fallen

below zero, it is found in the early morning that the water in all the
small pools out of doors, has solidified or frozen

;
and although streams

and lakes may not be frozen, it is only because they have not lost

sufficient heat to allow their temperature to fall below 0. By testing
with a thermometer one can readily convince one's self that their

temperature is above 0.
All other liquid substances also pass at a sufficiently low temperature

into the solid state. For a long time such a behaviour on the part of

many liquids could only be assumed, because it was not possible to

produce sufficiently low temperatures and to reach the point of solidifi-

cation. Since, however, one has become able to prepare liquid air (and
also other liquefied gases) in quantity, sufficiently low temperatures are

now accessible, so that now no liquid has to be excepted from the

general law, for every liquid substance is now known in the corre-

sponding solid form. The temperature at which a liquid solidifies is

called its point of solidification (freezing point), just as one calls the

temperature at which a solid substance becomes liquid, its melting

point.

44. Co-existence of the Solid and Liquid States. Water and
ice can exist together for any length of time without solidification of the

one or melting of the other taking place. On investigating the matter

more closely it is found that a perfectly definite temperature is produced,
the temperature, namely, represented on the centigrade thermometer

by 0. No matter how or when or in what absolute or relative amounts

ice and water are brought together, the same temperature is always

established, if it did not previously exist
;
and so long as this tempera-

ture obtains, the two substances can exist together.

Precisely the same phenomena are observed in the case of all other

substances when present together in the solid and liquid state. Such
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coexistence is possible only at one perfectly definite temperature which is

quite independent of the absolute or relative amounts of the two forms.
The melting point of a solid substance is accordingly identical with

the temperature at which the solid and liquid form co-exist
;

for fusion

simply means that a portion of the substance becomes liquid. Since it

never happens that all the solid melts at one moment the addition of a

finite amount of heat being necessary for the fusion it follows that

during the process of melting, both forms exist side by side, and the

general condition mentioned above is therefore fulfilled.

The point of solidification, likewise, is identical with the temperature
of co-existence, for we are again dealing with the simultaneous existence

of the two forms.

It is easy to test this conclusion experimentally by mixing any
quantities of ice and water- one may please. On stirring the mixture

carefully and introducing a thermometer one always finds that the

temperature is 0. As a matter of fact, this is precisely the method by
which one fixes the zero point of a thermometer after it has been con-

structed, and the scale is attached in such a way that the ice-point
coincides with the zero mark. One could, of course, equally well employ
any other substance for the purpose of fixing a definite degree of tem-

perature, and in this way one would obtain a differently situated zero

point. That the preference has been given to water, is due to its very
wide distribution, and also to the fact that great differences in the whole

outside world are conditioned by this particular temperature.
45. Phases. To the states of matter which exist side by side, i&

given the name of phases, and accordingly one says that ice and water

are two phases of the same substance. Consequently, we can express
the law thus : Two phases can co-exist only at one definite temperature.
This temperature depends on the nature of the substance. 1

One must not confuse the conception of a phase with that of a body.

When, for example, a large number of pieces of ice are floating in a glass
of ice-water, there are not the same number of phases but only the ice

phase and the water phase, or the solid and liquid phases. Similarly
all the droplets of mist forming a cloud, constitute together only one

phase, namely liquid water, and the intervening air forms another, a

gaseous phase. On the other hand, granite (p. 12) consists of three

phases quartz, felspar, and mica.

Hitherto, according to this explanation, the conception of a phase
coincided with that of a substance. At a later point we shall have
occasion to point out an important difference which exists here, and
which will lead to the adoption of the conception of phase as being a

wider one, and we shall restrict the conception of a substance more

narrowly than has hitherto appeared to be the case.

As regards the changes of pressure and temperature considered here,

1 We shall become acquainted later with a restriction or rather an extension of

this law.
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every phase has two degrees offreedom ;
that is, any quantity whatever

of a substance can be taken and can be brought to any desired tempera-
ture and placed under any desired pressure. Its state is then perfectly
denned and it has perfectly definite properties. For example, the

density of all substances alters with alteration of the pressure or tem-

perature. If, however, these are fixed, there is only one value of the

density and no other under these conditions. These facts are so

common that they appear to be
"
self-evident." Later we shall find

that we are dealing here with a very important law by which very many
isolated phenomena are defined.

46. Supercooling. The formation of icefromwater which has been

cooled down to 0, as well as in general the formation of the solid phase
from the liquid at the point of solidification, does not necessarily occur.

On the contrary, it is possible with some care to cool the liquid to

several degrees below the point of solidification without it becoming
solid.

Liquids in this condition are said to be supercooled. On being
touched with a piece of the solid phase they solidify immediately at the

point of contact and the temperature rises to the melting point. If

preserved from such contact with the solid phase, the liquids can be

kept any length of time in the liquid state, if they have been super-
cooled only a few degrees. If, however, the supercooling is carried

further, solidification takes place spontaneously without the presence of

the ready-formed solid phase.
The condition of supercooled liquids has often been compared with

that of unstable equilibrium in mechanics ;
but the comparison is not

a correct one. A body in unstable equilibrium seeks a new position

so soon as it experiences the smallest displacement ; supercooled

liquids, however, can withstand disturbances of the most varied kind

without solidifying, and respond only on contact with the solid phase.

The region of supercooling nearest to the melting point is therefore

designated as metastable, and only the more remote regions, in which

solidification takes place spontaneously, are called unstable.

47. Heat of Fusion and Solidification. When water or any
other liquid solidifies, heat is evolved. For this reason, partially

solidified water retains the temperature of 0, even when the surround-

ing temperature is lower
;
for as heat is withdrawn it is supplied anew

by the solidification of fresh amounts of water. Conversely, ice or any

other solid body absorbs heat on melting, and for this reason, a mixture

of ice and water does not become warmer in warmer surroundings, for

the heat which enters the mixture is used up in melting the solid.

The amount of heat absorbed in fusion is equal to that set free by
the solidification of the same amount of water. This is a necessary

consequence of the law of the conservation of energy, for if there were

a difference between the two, one could, by causing water alternately

to solidify and melt, create or destroy as much heat as one wished,

E
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without the water being used up or undergoing any permanent
change.

48. Unit of Heat. To express this amount of heat numerically
a unit of heat must first of all be fixed. This can best be done if we
recall the fact that heat, being a form of energy, can be obtained from
work or kinetic energy, and vice versa. The natural unit of heat is

accordingly the amount of heat which can be obtained from the unit

of work or of kinetic energy, the erg (p. 31).

Quantities of heat, however, had been measured long before the

relation between work and heat was known. As the unit of quantity
of heat there was employed that amount which is required to raise the

temperature of one gram of water by 1. This amount is called the

small calorie, abbreviated cal. A more suitable unit than this one,
which varies somewhat with the temperature and is also affected by
the difficulties to which the division of the fundamental interval between
the freezing and the boiling point of water is subject, is the rational

calorie, K. This represents the amount of heat required to raise the

temperature of one gram of water from the melting to the boiling point.
It is pretty nearly equal to 100 times the small calorie, or 100 cal. = 1 K .

Through the fundamental investigations of Mayer and of Joule

(1842-43) the relation between the units of work and heat were ascer-

tained, and the numerical value of this has been established with great
exactness by later measurements. The result of these is that one small

calorie at 18 is equal to 41,800,000 ergs. In technical work the amount

10,000,000 ergs is largely used, and is called a joule. A small calorie is

therefore equal to 4-18 joules, or 1 cal. = 4-18^'. A rational calorie is

a hundred times as great 1 ^ =
418^'.

If the amount of heat required to melt 1 gram of ice be measured,
it is found to be 79 cal. If therefore 78 gm. of water be mixed with

1 gm. of ice, the temperature of the whole, after the fusion of the ice,

will be exactly 1 lower. This amount, 79 cal. or 330;'. is called the

heat offusion of ice.

49. The Passage of Liquids into the Gaseous State. If water

or any other liquid be brought into a given space which is empty or

which contains a gas, in such an amount that the space is not completely
filled by it, part of the water passes into the gaseous state. This takes

place at all temperatures, although in a varying degree. The law which

obtains here states that evaporation goes on until the vapours have

assumed a definite density, which is dependent only on the temperature.

It is, however, independent of the amount of non-gaseous water, of the

volume and also of the presence of other gases in the space.
1

This law is generally stated in such a way that there is attributed

to the water vapour a definite pressure, which is dependent only on the

1
Strictly speaking, the last circumstance has certainly an influence, but it is quite

negligible in those cases where the gas is not absorbed in large quantities by the liquid

water.

\
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temperature. Since pressure and density are related to one another,
the second form of the statement is essentially the same as the first

and since, as a rule, pressure is more easily measured than the density
of the vapour, most measurements are referred to the pressure. In the
case, however, of evaporation in a space
filled with a gas, we must not reckon
with the total pressure, but only with
the partial pressure of the vapour.

To demonstrate this last phenomenon,
a small sealed bulb containing some readily
volatile substance (e.g. ether) is intro-

duced into a closed bottle furnished with
a mercury manometer (a tube bent like a
U and filled with mercury, Fig. 15).
After the pressure has been observed the
small bulb is broken. The pressure then
increases by an amount equal to the -

vapour pressure of the liquid at the exist-

ing temperature.
The phenomenon we are dealing with

here is one of equilibrium in the chemical sense. At a given tempera-
ture every vapour can exist both at smaller as well as at greater
values of density and pressure than when in contact with its liquid.

If, however, it comes in contact with the liquid it can no longer retain its

' state. In the first case, the liquid
will evaporate ;

in the second,

vapour will condense, and this will

go on until the concentration or

the density and the pressure have

reached the value corresponding
to the existing temperature.

The dependence of the vapour

pressure of water on the tempera-
ture is shown in the following
table and in Fig. 16. By reason

of their special importance the

pressures in the regions between

10 and 25, as also in the neigh-
bourhood of the boiling .point, are 'given in greater detail in two further

tables.
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long ;
it dips into a vessel with mercury. The water is made to boil

until the air is all driven out of the flask
; this is known by the metallic

hammering produced by the condensation of the water vapour in the

mercury. The flame is then removed and the same observations as
before can be made. Every time that cold water is poured over the

flask, the mercury in the tube rushes upwards and indicates the diminu-
tion of pressure ;

at the same time the water begins to boil, and the

mercury again sinks, but not to its former position.
As the temperature falls, the vapour pressure becomes smaller, but

at it still amounts to 046 cm. of mercury. Ice, which is in equilibrium
with water at this temperature,
has the same vapour pressure.
Even below ice has a measur-
able vapour pressure, which
becomes smaller the more the

temperature sinks. Whether
there is a temperature aboye
the absolute zero at which the

vapour pressure of ice is, in all

strictness, equal to zero, cannot
be established with certainty :

probably there is not.

If the pressure is raised

above one atmosphere, the

boiling point rises. At a pres-
sure of two atmospheres it is

121
;
at ten atmospheres, 180.

At the same time the vapour
becomes denser, while the

density of the water, corre-

sponding with the elevation of

temperature, diminishes. We
must therefore ultimately reach

a temperature and a pressure FlG 17

at which the density oi the

vapour becomes equal to that of the liquid. At this point water and

vapour have become identical and a phenomenon similar to boiling

can now no longer occur. This point is called the critical point. In

the case of water it lies at about 200 atmospheres pressure, and 360.

Every liquid, however, has its own specific values for the critical

pressure and temperature.
51. The Heat of Vaporisation of Liquids. On the passage of

liquids into vapour heat is absorbed, and this in much larger amount

than in the transition of solids to liquids. This consumption of heat

is usually attributed to the circumstance that on passing into vapour
the particles of water are separated from one another. But when water,
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for example, passes into ice the particles are also separated from one

another, since ice is T\th less dense, and still this transition is accom-

panied, not by an absorption, but by a development of heat., It is

best, therefore, to free one's self entirely from such hypotheses. Since

the differences between the different states of the same substance are,

ultimately, always reducible to differences in the energy present, a

passing out or in of energy naturally accompanies the passage from one

state to another, and the fact, as such, requires no
"
explanation."

All that science has to do here is limited to the exact measurement of

the phenomenon, and to establishing its relations with other existing
conditions.

The general law may now be enunciated, that with every transition

from the solid to the liquid, and from the liquid to the gaseous state,

there is joined a consumption of energy, which is generally absorbed in

the form of heat. No exception is known to this law, and only at the

critical point where the difference of states disappears does the differ-

ence of energy also become zero.

For the conversion of 1 gm. of water at 100 into vapour at the same

temperature, 537 cal. or 2246 j are required. The same amount of

heat becomes free when vapour at 100 is converted into water at the

same temperature. This amount is called the latent heat of water

vapour, or the heat of vaporisation.

The value of the heat of vaporisation is dependent on the tempera-
ture at which the vaporisation is effected. Since, at the critical point,
it becomes zero, it must decrease with rising temperature ;

its value,

however, is not known up to this point. For the purpose of calculat-

ing the work performed by steam-engines, the value, within small

limits, has been often determined. It is represented by the formula

606-5-0-695* cal., or 2537- 2-907*

What has been stated here with regard to water holds also for all

other liquid substances
;
the amounts of heat however are different.

The large amount of heat which becomes free on the condensation

of steam affords a convenient means of transporting heat, without, at

the same time, having to convey much substance. When steam is

generated in a boiler, conveyed away through tubes, and condensed at

Another place, this process is equivalent to the transportation of a corre-

sponding amount of heat. If it were wished to accomplish the same

transport of heat by means of hot water, at least five times as great a

weight would be required. For this reason steam finds manifold

application for heating and warming purposes, and in addition to this,

it has the peculiarity, which is frequently very valuable, that under

atmospheric pressure the temperature cannot rise above 100.

The last property is also made use of in the laboratory for water and
steam baths. These are used for maintaining apparatus at temperatures
not exceeding 100, a thing which is necessary in cases where a higher

temperature would be detrimental to the heated substance or apparatus.
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Such a bath usually consists of a metal boiling vessel above which there
is a space for the vapour. To enable objects of different sizes to be

placed upon it the lid consists either of a single plate, furnished with

openings of various sizes, or of a series of concentric rings placed one
within the other (Fig. 18). To be able

to set the bath quickly in action it is

an advantage that it should contain

very little water. Since, however, this

small amount of water would soon boil

away, a water-supply is arranged to

replace the loss. This consists either

of ^a Mariotte's bottle, which maintains

the level of the water in the bath at a

definite height, or an overflow can be

attached to the boiler (Fig. 19) ; by
taking care to have a supply of water

from the main in excess of the consump-
tion in the boiler the same result is

obtained.

Another property of steam, of which
much use is made in the laboratory,
is the constancy of its temperature. If

a receptacle be fixed into the boiler so

that the steam surrounds but cannot

penetrate into it, one possesses, so long as the water in the boiler is

in ebullition, a space in which the temperature remains constantly at

100. This is the most convenient means of obtaining a constant fairly

high temperature, such as is necessary for the performance of many
chemical and physical in-

vestigations. For the pro-
duction of other temperatures,
other liquids can be employed.

The boiling point of water,

certainly, varies somewhat
with the pressure ;

the varia-

tion amounts to 0-037 for

every millimetre of mercury.
From this one can seewhether,

in any given case, the height
of the barometer must be

Fio 19
taken into account or not.

These relationships, also,

make it possible to obtain a second accurately known and reproducible

fixed point on thermometers (p. 47). The 100 mark on the thermometers

usually employed for scientific purposes the Centigrade thermometer

is defined as the boiling point of water under normal pressure, or a

FIG. 18.
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barometric pressure of 76 cm. By dividing the distance between the

ice point and the boiling point into 100 parts (assuming that the bore of

the tube is quite regular), one obtains a means of determining all inter-

mediate degrees and fractions of a degree of temperature. Further,

by continuing the graduation upwards and downwards, it becomes

possible, in principle, to define all the temperatures which may be met

with, in so far, at least, as the nature of the thermometer material

allows of this.

This definition is, to some extent, arbitrary, since it is based upon
the properties of two arbitrarily chosen substances, glass and mercury.
At a later point we shall obtain a general definition of temperatures
based on the behaviour of a whole class of different substances, namely
the gases. Fortunately, the two definitions differ only slightly from

each other over the range of temperatures considered here
;
and more-

over the science of thermodynamics has shown that the gas scale

of temperature agrees very closely with that based on the conception
of work, which is the most general definition of temperature.

52. Superheated Liquids and Supercooled Vapours. Just

as it is possible to lower the temperature of liquids below the freezing

point, if the precaution is taken that no trace of the solid phase is present

(p. 48), so a liquid may be heated above its boiling point when the

presence of vapour is excluded, and vapour may be cooled below its

point of condensation when the presence of liquid is excluded. 1

The first experiment can be performed in various ways. If linseed

oil be heated to over 100, and small drops of water, which has been

previously boiled (to expel the dissolved air), be introduced into the

oil, the temperature can, with some care, be raised to 130-140, at

which the vapour pressure would amount to 2-7 and 3-6 atmospheres

respectively, without the formation of vapour taking place. On raising
the temperature still higher a copious formation of vapour suddenly
takes place with explosion.

The same phenomenon is observed if water or other liquid be kept

boiling some time in a glass vessel which has been made as clean as

possible by washing out first with a solution of caustic s.oda and then

with sulphuric acid. The phenomenon of
"
bumping

"
then occurs, i.e.

ebullition does not occur for some time, and then begins suddenly,

accompanied by an excessive formation of vapour. The reason why the

water is
"
superheated

"
lies in the fact that, by the cleansing of the

surface and the long boiling, the air-bubbles have been removed, which,
as a rule, adhere to points here and there on the vessel

;
at these the

formation of vapour readily takes place because some vapour is already

present. If these
"
nuclei

"
are removed superheating occurs

;
and

1 One would also expect that it would be possible to heat a solid above its melting

point if the presence of liquid is excluded. Although no well-grounded objection can
be made to this, it must be mentioned that such suspended transformation has never been
realised either in the case of ice or of any other solid siibstance. Presumably, it is

exceedingly difficult to exclude the liquid form.
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when at length the first bubble of vapour is produced, all the heat

absorbed above 100 serves to form vapour, a large amount of which is

thereby suddenly developed.
Such cases of superheating occur with all liquids. It can be avoided

by taking care that some bubbles of air are always present within the

liquid. For this purpose porous substances of all kinds are used in

which air is contained, or such substances as under the existing con-

ditions evolve traces of gas.

Superheating sometimes also occurs on a large scale. It is, for

example, one of the causes of boiler explosions.

The other case, that vapours, in the absence of liquids (or solids,

which have the same effect), can be subjected to pressures which are

greater than the pressure of condensation, can also be realised experi-

mentally. When the air in a large bottle containing air and some

water, so that the air is saturated with water vapour, is rarefied, a

lowering of temperature is thereby produced. This is due to the fact

that the expanding air performs work, and since this is not communi-

cated to it in the form of other work, the air must yield it up in the

form of heat ;
it must, therefore, become colder. At the same time,

the vapour which is present is thereby cooled and reduced to a tempera-
ture at which the air is supersaturated with water vapour.

If the experiment is performed immediately after the apparatus
has been put together, the result of the cooling of the vapour is seen

;

the latter is precipitated in the form of a mist. The mist can be seen

with especial distinctness by allowing a ray of light to pass through the

vessel.

If, however, the apparatus is allowed to remain at rest for 24 hours

the experiment is no longer successful, and on exhaustion the interior

remains clear. This is due to the fact that all the dust particles in

the air of the apparatus have fallen down. The supercooled vapour
does not find any

"
nuclei

" on which it can condense, and it therefore

retains its vaporous form.

We can therefore state the principle generally, that the definite

relation between pressure and temperature in the case of aqueous

vapour (and in the case of the vapours of all other liquids) is valid

only so long as vapour and liquid are simultaneously present. So soon

as one of these two forms is wanting the point can be overstepped

from either side.

53. Phases and Degrees of Freedom. Whereas, therefore,

liquid alone, and likewise vapour alone, possess two degrees of freedom

for the variations of their pressure, volume, and temperature (pp. 48

and 56), there remains only one degree of freedom left when vapour

and liquid are simultaneously present, for, in that case, only the pressure

or the temperature can be arbitrarily fixed. If a pressure has been

chosen, this can exist only at a definite temperature, and, likewise, any

chosen temperature only at a definite pressure.
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The question as to how the matter stands in the case of the volume,

can be answered to the effect that, in this case, the volume has no

influence on the pressure or temperature. For if we have vapour and

liquid given (e.g. at 100 and under atmospheric pressure in the case

of water), the volume may be increased or diminished without variation

of pressure or temperature ; only so much water is converted into

vapour, or vapour into water, that the new space is again filled with

vapour and water at the same pressure.
The vapour and liquid, in the same way as ice and water, are called

two different phases of the substance. The law that can be deduced

from the behaviour of a system which contains two phases, is that one

of the existing degrees of freedom is lost by the formation of the second

phase. The condition that a second phase shall be present must, there-

fore, be regarded as disposing of one of the magnitudes which can be

arbitrarily changed, and, accordingly, the number of degrees offreedom
diminishes in proportion as the number of the phases increases.

54. Influence of Pressure on the Melting Point. An applica-
tion of the relations which have just been deduced can be at once made
to the system solid-liquid. The temperature at which both phases exist

side by side has been stated to be constant (p. 47). We are dealing here

with one substance in two phases, water and ice, and we must therefore

conclude that here also one degree of freedom still exists, as in the case

of the system, water and vapour, i.e. that different temperatures also

correspond to different pressures.
The theoretical conclusion that such a variability must exist led

investigation to the actual discovery of the variability, which was not

previously known. It was found that the melting point of ice sinks

as the pressure increases.

This variability is, certainly, very small, for it amounts to only
0-0073 for one atmosphere. To produce a change in -the melting

point of 1 a pressure of 136 atmospheres is necessary.
The small changes to which the atmospheric pressure is subject,

and which may be estimated at TV^h of an atmosphere, alter, therefore,

the melting point of ice at most by 0-0007, i.e. by an amount which
can scarcely be detected even with a sensitive thermometer. They
may, therefore, be neglected even in the case of exact measure-

ments. Although the exact definition of the melting point has to

be referred to a definite pressure that of one atmosphere there is,.

in practice, scarcely ever occasion to take the influence of pressure into

account.

By very high pressure, therefore, water can be prevented from

freezing in the cold of winter. Thus water was enclosed in a steel

vessel, and by the rattling of a ball enclosed along with the water, it

was ascertained that the latter still remained liquid at - 20. The

requisite pressure had been established automatically by the freezing
of a little water. Since ice has a volume yV^n greater than that of
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water, the solidification of a small amount in the closed space is

sufficient to produce a very considerable pressure.
All liquids do not behave like water

;
in the case of almost all the

melting point becomes higher and not lower with increase of pressure.
The difference lies in the fact that water, as contrasted with other

liquids, expands on solidification. Substances which have a smaller
volume in the solid state than in the liquid exhibit a rise in the melting
point with pressure.

55. States of Equilibrium. Law of Reaction. The relation

between the change of volume on solidification and the shifting of

the point of solidification with the pressure is not a chance one, but
is a necessity. It is a case of a universal law that holds for all states

of equilibrium. It can be expressed as follows : // a system in equi-
librium is subjected to a constraint by which the equilibrium is shifted, a
reaction takes place which opposes the constraint, i.e. one by which its effect

is partially destroyed.

Apply this principle now to the present case, in which we have
a mixture of ice and water at in equilibrium. If we exercise a

pressure on the mixture by diminishing its volume the equilibrium is

disturbed, and a process must occur by which the pressure is again

partially relieved, i.e. by which a diminution in volume is produced.
This consists in ice melting, for liquid water occupies a smaller space
than the ice from which it is produced. The melting point of ice must,

therefore, sink with pressure.

If, on the other hand, the volume diminishes on solidification, this

latter must be brought about by increase of pressure, i.e. the melting

point rises with the pressure.
The foundation of the above-stated universal law, which has a

manifold application in chemistry and physics, lies in the conception of

equilibrium.- By equilibrium we understand a state which tends to

re-establish itself when it is disturbed. This tendency finds expression
in the occurrence of phenomena which seek to reverse the disturbance,

and the general expression of this tendency is the law enunciated above.

The term equilibrium is, as is known, derived from mechanics.

There it is usual to distinguish three kinds of equilibrium : stable,

unstable, and indifferent. In chemistry the conception of equilibrium,
as is apparent from the definition just given, is applied only in the

form which corresponds to stable equilibrium in mechanics.

56. The Triple Point. On applying to water the rule just stated

that increase of the phases runs parallel with the diminution of the

degrees of freedom, we come to the conclusion that it must certainly be

possible to have three phases of water side by side, but that such a

system has no degrees of freedom left. It can exist, therefore, only

at a definite temperature and a definite pressure.
Such a possibility does, as a matter of fact, exist when ice and

water are introduced into an empty space. The space then becomes
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filled with aqueous vapour, and we have ice, water, and vapour side

by side.

The pressure is, in this case, equal to the pressure of water at 0,
viz. 0-4:6 cm. mercury ;

the temperature is very nearly equal to 0.
It is not exactly equal to this, for has been denned as the melting

point of ice under atmospheric pressure ;
under the pressure of 0-46

cm. prevailing here, which is almost exactly one atmosphere less, the

temperature is therefore +0-0073 (p. 58). The pressure is, accord-

ingly, a little higher, but the difference does not affect the last decimal

in the number stated.

These are the only values of temperature and pressure at which the

three phases of water can exist side by side, and any change of one of

these values causes the disappearance of the one or other phase. If

the pressure is raised, the vapour disappears ;
if it is lowered, the water

disappears. If the temperature is raised, the ice disappears ;
if it is

lowered, the water disappears.
Such an invariable point, in which three phases of a substance can

exist side by side, is called a triple point. Speaking generally, every
substance will possess a triple point situated in proximity to the melting

point. Since, however, the melting points are scattered over the whole

range of the measurable temperatures, so also are the triple points, and

many of these are attainable only with difficulty.

57. Vapour Pressure of Solids. As has been experimentally
and theoretically proved, water and ice have the same vapour pressure

at 0. It amounts, as already stated,

to 0-46 cm. mercury.
We may, however, ask how the

vapour pressure of water cooled

below is related to that of ice at

the same temperature. This is ex-

plained in Fig. 20. The temperature
"

is measured on the base-line
;
the

Fic 20 vapour pressure curves of the water

and of the ice are denoted by w
and i. At the two lines cut

;
at that point, therefore, the vapour

pressure of both forms of the substance water is the same. To the

left of this is shown the vapour pressure curve of the supercooled water

as an unbroken continuation of that of the warmer water
;

it lies above

the vapour pressure curve of ice. At the same temperature, therefore,

supercooled water has a greater vapour pressure than ice.

This is the reason why supercooled water cannot exist in contact

with ice. Imagine a two-limbed tube, Fig. 21, filled at w with water

and at i with ice. At the whole will remain in rest, since the vapour
pressure of ice is equal to that of water. At temperatures below zero,

however, the pressure above the water is greater than that above the

ice. Vapour must, therefore, be constantly given off by the water and
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be taken up by the ice, and this can cease only when all the water has
become converted into ice.

We can now state the general principle : That which is in equi-
librium in one way must be in equilibrium in every way ; and that which
in one way is not in equilibrium can in no way be in equilibrium. If,

therefore, ice and supercooled water are not in equilibrium, as regards
their vapours, neither can they be in equilibrium when they are in
immediate contact, and in both cases the transformation must occur
in the same sense.

The principle of which we have just made use is of the greatest
importance, and has a very varied application. It ranks along with the

principle of the conservation of energy, and like it,

can be deduced from the impossibility of a per-

petuum mobile. Whereas the latter principle
denies the possibility of creating energy out of

nothing, the former principle denies the possi- F

bility of setting in motion, for the performance

of work, energy which is at rest. In this way, also, a perpetuum mobile
would be possible, as can be readily seen from isolated examples. A
steamship moves through the sea at the expense of the energy which
is yielded by the burning coal

;
this generates kinetic energy which,

by reason of friction, ultimately passes into heat. The water in the
ocean contains an enormous amount of heat, and if it were possible
to use this heat for moving the ship, it would ultimately return again
as heat to the ocean

;
it would not therefore be necessary to create any

energy in order to obtain a perpetuum mobile. That this also is an

impossibility, that a system does not, spontaneously, set itself in motion.,

is a further independent principle obtained by experience.
A distinction is therefore drawn between a perpetuum mobile of the

first kind, in which energy would have to be created, and a perpetuum
mobile of the second kind, in which energy at rest would have spon-

taneously to set itself in motion. The impossibility of the former is

embodied in the first law of thermodynamics ;
the impossibility of the

latter, in the second law.

The manifold and important conclusions which follow from the

second law will frequently occupy us later. In spite of its apparent

simplicity, and even almost axiomatic character, it allows of results

being obtained which by no means lie on the surface.

58. Sublimation. As has already been stated, solid substances

also possess a vapour pressure which increases with rise of temperature
as in the familiar case of liquids. Similarly we have ascertained that

at the triple point, the vapour pressure of the solid substance is necessarily

equal to that of the liquid, but that below the melting point, the vapour

pressure of the solid form diminishes with falling temperature more

rapidly than that of the (supercooled) liquid. From this flow several

consequences which are applicable to solid substances which on being
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heated pass directly into the gaseous state without previously melting.
Sal ammoniac is one of the better-known substances which behave in

this way. When a quantity of this white, salt-like substance is heated

in a glass flask, it passes into a colourless vapour, which is deposited

again as a solid substance on the upper and colder parts of the flask.

At no point has liquefaction taken place.
When one considers that the boiling point rapidly sinks with diminish-

ing pressure, but that the melting point scarcely changes at all with the

pressure, one will see that, speaking generally, the direct transition of

solid to gas can be effected in the case of every substance
;

in those

cases, at least, in which the substance has a fairly considerable vapour
pressure within the range of accessible temperatures. For if the

pressure is diminished, the boiling point falls to a corresponding value

and must, sooner or later, coincide with the melting point. We have

already got to know this point as the triple point. On lowering the

pressure still further, the boiling point comes to lie below the melting

point. Consequently the melting point cannot be reached by addition

of heat, because the solid substance must, before that point is reached,

completely boil away, or as it is said in this case, sublime.

Whether or not, therefore, a substance will melt before boiling

depends on the relative positions of the melting point and the boiling

point at the ordinary pressure. In the case of most substances the

melting point lies below the boiling point, and the liquid form of the

particular substances is therefore known even under ordinary pressure.
In the case of a few substances the temperatures are reversed, and
these substances sublime, that is, they pass directly from the solid to

the gaseous state. In the case of these substances, however, the boiling-

point can, by increasing the pressure, be raised as high as one pleases,
so that one can constrain them to melt before they boil.

If substances such as iodine or naphthalene are sealed up in glass
tubes which have been exhausted before being closed, they exhibit the

property of salmiak
;

that is, they sublime on being heated, without

previous fusion. Only by heating up the whole tube so that the vapours
cannot condense, but remain in the gaseous state and exercise a corre-

sponding pressure, is it possible to cause fusion of the substances to take

place as if under the ordinary atmospheric pressure.

Summing up, then, one can say : If the vapour pressure at the

triple point (p. 60) lies below atmospheric pressure, the substance melts

before it boils. If, however, the pressure lies above the atmospheric,
the substance sublimes (under the ordinary pressure) without melting.

59. Application to the Separation of Mixtures. If we pass
over in our mind the methods employed for the separation of the con-

stituents of a mixture which were discussed previously (pp. 13-21), we
shall realise that the most simple separation is that of gases from solids

or from liquids. Less easy is the separation of liquid substances from

one another, and in the case of solid substances the greatest difficulties
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are encountered. From this we see that by a suitable alteration of
the temperature a difficult case of separation can be converted into one
which is more easily effected and in chemical practice, whether on a large
or small scale, use has long been made of this fact.

If one has, for example, to separate a mixture of solid substances
of approximately the same density, elutriation will not prove very suc-

cessful. If, however, on raising the temperature one of the substances

liquefies while the other still remains solid, one can produce the mixture
of solid and liquid and so effect the separation. Thus, for example,
in Sicily the separation of sulphur from the rocky material with which
it is mixed, has, for centuries, been carried out by heating the mixture
to somewhat over 100. The rocky material remains solid but the

sulphur melts and flows away of itself from the mixture. To facilitate

this a suitable structure is arranged for. In a .similar manner the
metal bismuth, which melts fairly easily, can be separated by
"liquation" from the accompanying earthy material [gangue] by being
heated in wide inclined tubes. The liquid metal flows away into

vessels in which it solidifies.

Still more effective is the conversion of one constituent of the

mixture into vapour, since by elevation of temperature and diminution
of the pressure the density of the latter can be reduced to any desired

extent. In this way one can entirely avoid the rather large loss due
to adhering liquid.

Use is made of this method more especially for the purpose of
"
drying

"
substances, i.e. of freeing them from any moisture which is

present. It has already been emphasised that quite apart from the

adhering liquid, moisture collects, by adsorption, on all surfaces exposed
to the air in which water vapour is always present ;

and this moisture

is difficult to remove. If such objects are introduced into a space in

which there is no water vapour, the adsorbed water passes into the

vapour form and can be removed by pumping, by chemical action, etc.

If the object also allows of heat being applied, the drying is still more

effective, since the vapour pressure of the adsorbed water is thereby
so greatly increased that it soon exceeds the atmospheric pressure.
The chemist, therefore, is accustomed to ignite in crucibles the

"
pre-

cipitates," i.e. the pure substances which he obtains in the process of

decomposing different materials, before weighing them, since other-

wise owing to adsorbed moisture the weights obtained would be

too large.

So also in the above-mentioned case of the extraction of sulphur
from the naturally occurring mixture, the same process is employed
for the more complete purification ;

for when one merely allows the

molten sulphur to flow away a number of fine rocky particles are always
carried away with it. The crude sulphur obtained by melting is there-

fore heated and so converted into vapour, while the rocky material is

not volatile and so remains behind. To obtain pure sulphur, it is only
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necessary to cool the sulphur vapour and so condense it to the liquid
and solid state.

This by no means completes the list of methods for the separation
of mixtures. The solution of one or other constituent, as well also as-

chemical combination with other substances, afford further methods of

separation. These, however, cannot be properly discussed till a later

point after the general principles, which thereby find application, have
been developed.

60. Summary. The character and more especially the physical
state in which we know substances, are determined by the conditions

of their existence, namely, pressure and temperature. If these are

changed, the physical state also changes so that with elevation of

temperature solid substances pass into liquid, and liquid substances into

gases or vapours. This constitutes the simplest case of a material or

chemical transformation.

The units and subdivisions of pressure and temperature have been
discussed. As the practical unit of pressure one uses that of the

atmosphere, which is equal to the pressure of 76 cm. of mercury and

equal, roughly, to 1,013,000 systematic or absolute units. The chief

points on the thermometer are fixed at and 100 by the freezing-

point and boiling point of water.

The temperatures of the melting point and solidification point of

any given substance coincide
; it is the temperature of equilibrium

between the solid and liquid phases of the substance. By phase we
understand a substance in a definite physical state. Every substance
has its definite melting point, which shows itself to be a specific property
of substances. The melting point does not depend on the absolute

or relative amounts of the two phases.
If a liquid, in absence of the solid phase, is brought to a temperature

below its melting point, supercooling can occur, i.e. it can remain liquid.
It solidifies immediately, however, on the addition of a trace of the

solid phase. In the neighbourhood of the melting point we have the

metastable region, where solidification can be effected only by the solid

phase. Beyond this lies the region of instability, in which solidification

takes place spontaneously.
The solidification of a liquid is accompanied by an evolution of

heat, which is equal to that which is again absorbed during the liquefac-
tion of the solid. This heat offusion is proportional to the weight, and
is a specific property of substances.

For the measurement of quantities of heat one generally employs
the rational calorie, i.e. the amount of heat absorbed by 1 gm. of water
between and 100. It amounts in absolute units to 418 x 107

ergs
or 418 joules (j).

Every liquid as well as every solid substance has a vapour pressure,
i.e.it emits vapour into an empty space until a definite density and there-

fore a definite pressure is reached. This vapour pressure increases with
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rise of temperature and has, for each temperature, a definite value.

This depends only on the nature of the substance and does not depend
on the absolute or relative amounts of the two phases. In the case of

very many substances, especially of solids, the vapour pressure under

ordinary circumstances is so small that it is not possible to measure it.

A liquid boils when its temperature rises so high that the vapour
pressure just begins to exceed the external pressure. Consequently,
the boiling point is dependent on the pressure, rising and falling simul-

taneously with it.

In the change from the liquid to the gaseous state also heat is

absorbed, and this heat of vaporisation is generally greater than the

heat of fusion of the same quantity of substance.

Liquids can be superheated and vapours supercooled. The necessary
condition for this is the absence of the second phase.

The melting point also really depends on pressure just as the boiling

point does. The effect, however, is exceedingly small, so that changes
in the melting point are observed only when the differences of pressure
are considerable. In the case of water the melting point falls with /
increase of pressure ;

in the case of other substances it rises. This is

due to the fact that water expands on solidification whereas other

substances contract.

All substances have a triple point at which they can exist simul-

taneously in the solid, liquid, and gaseous state. In the case of every
substance this point is characterised by a definite value of the pressure
and temperature.

The consideration of this state of equilibrium leads to the conception
of a perpetuum mobile of the second kind, which is an expression for the

impossibility of energy at rest setting itself spontaneously in motion.

The same laws which hold with regard to liquids and their vapours,
hold also for solid substances and their vapours. Whether or not a

substance becomes liquid before it boils depends on the pressure to

which it is subjected. At comparatively low pressures the transition

from the solid to the gaseous state takes place directly ;
but if the

pressure is increased the liquid state may make its appearance. The

vaporisation and condensation of a solid substance is called sublimation.



CHAPTER V

SOLUTIONS

61. Pure Substances and Solutions. The properties which have so

far been described as peculiar to substances, and more especially the

behaviour in connection with the change of physical state, are by no

means present in such regular form in the case of all substances which

are found to be homogeneous in character. They apply, indeed, only
to a certain number of substances, while a much larger number of

homogeneous substances behave differently. We shall therefore

consider, in the first place, a few generally known facts.

We have throughout treated water as if it were a substance which

completely satisfies the previously defined concept of a substance.

A substance, in the chemical sense, must have perfectly definite pro-

perties, which, although continuously variable with pressure and

temperature, nevertheless have definite values at definite values of the

variables
;
and this no matter how or where the substance is found or

prepared. We are aware, however, of great differences in the case of

water : sea-water tastes quite differently from river or spring water,

and the density of the different kinds of water at the same temperature
is found on investigation to vary distinctly. Sea-water, especially,

has a distinctly greater density than have the other kinds of water.

Moreover, exact investigation shows that sea-water also does not boil

at 100, but at a somewhat higher temperature, and that the boiling

point instead of remaining constant, as would be the case with a pure
substance, continues to rise as the water evaporates. Similarly, sea-

water does not freeze exactly at 0, but at a somewhat lower tempera-

ture, and the more ice separates out the lower does the temperature
sink. In this case, therefore, the temperature of equilibrium of the

two phases is not independent of the relative amounts of the two phases,
as had been stated previously as a law of nature.

It is necessary, therefore, to admit the existence of other kinds of

substances, other than those which behave in accordance with the

previously stated laws, which although they may exhibit certain re-

semblances to the latter, nevertheless show essential differences of
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behaviour. Such substances are very numerous, and to distinguish
them from those substances which obey the definition, they are called

solutions. The exact reason for choosing this name will become apparent
later. The other substances, which exhibit the regularities already
mentioned, we shall call pure substances, when we desire to distin-

guish them from solutions
;

otherwise they will be called substances

in the narrower sense, or simply substances.

It now becomes necessary to distinguish between the concepts of

substance and phase (p. 48). The concept of phase includes pure
substances and solutions, and all that is required is that they shall be

homogeneous, i.e. that they shall have at all points the same properties.

Phases, therefore, may be pure substances or solutions, and the con-

ception of a phase is thus the wider one. We shall soon see that its

application simplifies the expression of the laws which hold for solutions.

62. Preparation of Solutions. One can obtain liquids, similar

in character to sea-water, by bringing pure water (the preparation of

which we shall soon learn) into contact with common salt. The salt

then disappears from view, and forms with the water a water-like

liquid which differs from water, however, in possessing a saline taste,

a greater density, a higher boiling point, and a lower freezing point.
These differences, also, are all the greater the larger the amount of salt

relatively to the water. One can therefore prepare as large a series

as one wishes of different liquids, by preparing solutions of salt in

water in different proportions.
From the manner of preparation of such liquids we get an explana-

tion of the word solution. Many substances unite with liquids in such

a way that they disappear as such, i.e. as a phase, and form a single

phase with the liquid. Similar processes are familiar to every one.

Thus, sugar, for example, dissolves in water (tea, coffee) ;
fats dissolve

in benzine, which is therefore employed for removing grease-marks ;

resins dissolve in spirit of wine and form varnishes, etc.

All these solutions can again be decomposed into the substances from
which they were produced, and which are known as their constituents.

When, for example, the solution of common salt in water is placed in a

warm place, the water evaporates and the salt remains behind in exactly

the amount taken for the solution ;
and if the salt is again placed in

the same amount of water as before, it dissolves and forms a new

solution with exactly the same properties as the old one.

To this extent, therefore, solutions behave like mixtures. They
differ from these, however, in forming only one phase, whereas mixtures

always contain as many phases as there are different substances

used in their preparation. Connected with this is the fact that the

constituents of mixtures retain their properties, whereas in the forma-

tion of solutions the substances disappear in part (like the common

salt) as a phase, and in part change more or less markedly their pro-

perties (like the water).
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Sugar also can be dissolved in the solution of salt, and the liquid
still remains homogeneous ;

and the same holds for a third, and a

fourth substance, etc. We see, therefore, that in the case of a solution

one cannot, as in the case of a mixture, tell from its appearance of

how many constituents it is composed. This can be ascertained only

by the separation of the solution into its constituents.

It must also be remarked that the conception of a solution is not

restricted to liquid solutions, about which we have so far been speaking.
It applies also to solid and to gaseous solutions ;

but the liquid solutions,

by reason of their manifold application, are nevertheless the most

important. Almost all chemical processes, whether in the scientific

laboratory or in chemical industry, are carried out with liquid solutions,

so that a knowledge of their general properties is of fundamental im-

portance for understanding the chemical processes.
Since in the formation of solutions substances disappear and others

are formed, we must also place the process of solution among the

chemical processes. The process of solution differs essentially from
the changes in physical state, although in the former case also changes
of physical state occur (the solid phase of common salt disappears
on solution in water), by the fact that in the latter case we are dealing
with a single substance which occurs in different forms or phases. In

the case of solutions there are always two different substances at least

through the interaction of which the phases present, with the exception
of one, disappear.

Further, the properties of solutions are not, as in the case of mixtures,
mean values between those of the constituents, but differ from these.

If a glass tube, a metre in length and closed at one end, is half filled

with water and then completely filled by the addition of spirit of wine,
the two liquids remain at first separated as the more dense water remains

underneath the spirit of wine. If, now, the tube is carefully closed

and inverted several times in order to mix the two liquids, a liquid
solution is formed the volume of which is appreciably smaller than

that of the separated constituents, and the liquid therefore no longer
fills the tube. Most other properties show similar behaviour.

Only in the case of gaseous solutions is the behaviour similar to that

of mixtures, for in them the properties of the constituents remain the

same as if the other constituents were not present.
63. Saturation. On adding increasing amounts of salt to a con-

stant quantity of water, the former at first dissolves to form a solution,

the properties of which differ all the more from those of pure water, the

larger the amount of salt. The amount of salt (or generally of dissolved

substance or solute) in the unit quantity of water (or solvent), is called

the concentration of that substance in the solution. Even at the

present time, however, the concentration is generally (cf. p. 13) referred

not to the unit amount but to 100 parts of the solvent, and one then

speaks of the percentage concentration.
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The concentration of the salt cannot, however, be increased in-

definitely. When it reaches 36 per cent, further additions of salt

remain undissolved, and the concentration of the solution (and also

all its properties) now remains unchanged, no matter how much salt

is added. We now have a system of two phases, a solid phase (salt)
and a liquid phase (the solution) which, like the solid and liquid phases
of a pure substance at the melting point, can co-exist in all quantities
without mutually affecting each other. There is therefore an equili-
brium which we can call a solution equilibrium. The solution is said to

be saturated in respect of the solid phase present, in this case common salt.

The behaviour described here in the case of salt and water is met
with in the case of all other liquids and solids. Every solid substance

possesses a definite solubility in every liquid. It is true that there are

very many cases in which the solubility is so small that a gravimetric
determination of the amount cannot be made. But with the refine-

ment of the methods of detection the number of cases has increased

in which a definite solubility can be detected, even when the substances

are apparently insoluble. There appears, therefore, to be justification
for the general law stated above.

The behaviour of liquids towards one another is more varied. In

the first place a number of cases are known in which one liquid dissolves

in another only partially, as with solid substances. Thus, one can

dissolve only about 10 parts of ether in 100 parts of water, and if more
ether is added, it floats, being the lighter liquid, on the surface of the

saturated solution of ether in water. Water and spirit of wine, however,
dissolve each other in all possible proportions and always form homo-

geneous liquids. In the case of pairs of liquids, therefore, one dis-

tinguishes between those which show partial and those which show

complete miscibility. With liquids there are also cases of apparent

insolubility ;
thus mercury appears to be quite insoluble in water. But

water which has stood in contact with mercury for some time shows

a poisonous action towards living organisms, and this is due to the

dissolved mercury, small in amount as this may be.

Lastly, gases also dissolve only to a limited extent in all liquids.

Whereas, however, in the previous cases pressure has no marked effect

on the solubility, in the case of gases the amount required for saturation

increases proportionally with the pressure. It can, therefore, be

considerably increased by high pressure. The laws which obtain here

will be discussed at a later point.
64. Influence of Temperature on Saturation, It has just been

mentioned that except in the case of gases, pressure has no appreciable

influence on the solubility. By very careful work, certainly, a very
small effect can be detected, but it is so small that it can be observed

only in exceptional circumstances. The temperature, however, has

generally a very considerable influence which can readily be observed,

and of which practical use is frequently made.
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If to a solution of common salt in water which will dissolve no more

salt, i.e. is saturated, at the ordinary temperature, one adds an excess

of the solid salt and then heats the solution, the amount of the solid

salt will scarcely alter. As a matter of fact a little more dissolves, for

at the boiling point the saturated solution contains 39 per cent in

place of 36 per cent at room temperature ;
the difference therefore is

small. If, however, one prepares a saturated solution of saltpetre
or of sal ammoniac at the room temperature and warms it, a further

large amount of the solid salt passes into solution. The solution,

saturated at the ordinary temperature, therefore becomes unsaturated

on raising the temperature. But even at the higher temperature the

solubility is limited
; for, on adding further quantities of the above-

mentioned substances, a point is reached at which, just as at lower

temperatures, no more dissolves.

For each temperature? therefore, there is a corresponding solubility,

which is generally all the greater the higher the temperature. This

latter statement, however, does not hold without exception ;
in some

cases the solubility diminishes with rising temperature. This stands

in a definite relationship to other properties, and does not therefore

constitute a chance exception. A fuller discussion of this point will be

given later.

If the hot saturated solution of saltpetre or of some other substance

is allowed to cool, solid again separates out in such amount that the

concentration corresponding with saturation at the lower temperature
is again reached. The saturated solution can then be separated from
the solid substance, which is then laid on filter paper to absorb the

remaining liquid. This is a process very frequently carried out by
the chemist. For if the substance was not quite pure, the impurities
tend to remain in the liquid (called the mother liquor), while the solid

substance separates out in the pure state. In this way pure substances

can be prepared from impure ;
and it is always the chief care of the

chemist, who almost never obtains pure substances straightaway
either in nature or in the course of his laboratory work. Impure
substances, i.e. solutions or mixtures, are first obtained, and from
these the substances present must be prepared in the pure state. For
this purpose the method which has just been described, and which is

known as recrystallisation, is very frequently employed. Obviously,
a portion of the substance remains in the cooled solution or mother

liquor, and if it is necessary to recover this portion also, other methods
must be employed which will be discussed presently. For scientific

purposes, however, it is generally of much greater importance to obtain

some portion of the substance in the pure state than to recover the

whole amount. The working up of the mother liquor is then a matter

of secondary importance.
65. Solidification Of Solutions. Solutions vaporise and liquefy,

melt or solidify, similarly to pure substances but yet with essential
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differences. To one of the main points of difference reference has

already been made. Whereas, in the case of a pure substance, the

complete transition of the one physical state into the other takes place
at constant temperature and constant pressure, this is no longer the case

with solutions. In their case, the temperature (at constant pressure),
and the pressure (at constant temperature), of equilibrium between
the phases present, undergo continuous change the further the trans-

formation proceeds. This is the most characteristic property of solutions

as compared with pure substances, and it affords, at the same time, the

most important means of obtaining the constituents of a solution in the

pure state.

On allowing, for example, a solution of common salt in water to

freeze, it is found, in the first place, that ice only separates, and at a

lower temperature than from pure water. This temperature is all the

lower, the greater the relative amount of salt in the solution. If the ice

is carefully separated from the liquid it is found to contain no salt, but

to be pure ice. If the process of freezing is continued, lower and lower

temperatures must be employed. We find the explanation of this in

the fact just mentioned that it is pure ice which separates out. The
whole of the salt, therefore, remains in solution, and since the amount
of water present continually diminishes owing to the separation of ice,

the solution contains continually diminishing amounts of water rela-

tively to the same amount of salt
;

or more salt in proportion to the

water. On freezing, therefore, the solution becomes more concentrated,

and we have just seen that the freezing point is all the lower the more

concentrated the solution.

All other substances, whether liquid or solid, when dissolved in

water, behave in the same way as common salt. All lower the freezing

point, and all remain dissolved in the liquid portion, while pure ice

separates out.

Moreover, all other solutions in whatever liquids behave in the

same way. In every case the freezing point of the pure liquid is

lowered, and the pure substance separates out in the solid state. 1

It is evident that the increase in concentration in the liquid portion

cannot continue indefinitely ;
but there must finally be present as

much of solid substance in proportion to the solvent as will reuder

the solution saturated. Pure ice can then no longer separate out,

but along with the ice there must also separate out, in the solid state,

so much of the dissolved substance that the solution always remains

just saturated. At this point the possibility of separating the pure

solvent from the solution ceases, and special conditions arise which will

be fully discussed later.

66. Boilingof Solutions. On boiling, solutions exhibit a behaviour

quite similar to that which they show on freezing. Let us start, say,

1 To this last rule there are some exceptions met with when the particular substances

can form solutions in the solid state. This case is, however, rather rare.
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with a ten per cent solution of common salt in water, and cause it to

boil, which it will begin to do at 1-6 above the boiling point of pure
water. In proportion as the solution loses water in the form of vapour,
its concentration increases and its boiling point rises, until the former

reaches 39 per cent, the saturation point. The temperature 'is now
108. If the boiling is continued, there is no longer sufficient water

to keep all the salt in solution, and it must therefore separate out.

The boiling point now remains constant, because the concentration of

the solution can no longer alter but always remains constant. By this

means a complete separation of salt and water could ultimately be

obtained, if it were not for the fact that the salt which is deposited
interferes more and more with the ebullition. This it does by
giving rise to superheating at the bottom of the vessel, whereby the

vessel is liable to crack. This difficulty is less serious on the large

scale where iron vessels are mainly employed, more especially also

as a stirring arrangement which equalises the temperature, is

generally used.

The method which we have just described, of effecting the separation
of a solution into its constituents, is of very great importance, for it

enables one to prepare not only the solute but also the solvent in the

pure state. We have already seen how the former can be effected
;

and in order to obtain the solvent, it is only necessary to cool down
the vapour and to collect the liquid produced.

It is evident that the possibility of effecting such a separation

depends on the fact that the solute is not volatile, or does not emit

vapour, at the temperature at which the solution boils. Quite strictly

speaking, we may certainly assume that all substances have a certain,

even if small, vapour pressure at all temperatures. As a matter of fact,

however, numerous substances are known the vapour pressure of which,
under such circumstances, cannot be detected

;
and we may therefore

treat them, in practice, as if their vapour pressure really were zero.

For all methods which are employed for identifying a substance and
for detecting its presence have their limitations, so that when the

amount of the substance falls below a certain value (which depends
on the nature of the substance and on the method of detection employed),
we cannot detect it, and it must therefore be regarded, for all practical

purposes, as non-existent.

67. Preparation of Pure Water. The process just described can

be used, for example, for the preparation of pure water, which is an

indispensable necessity for the chemist, from the very complex solution

formed by all naturally occurring water.

For this purpose the method most used is to convert the water

temporarily into vapour. The impurities present in natural water are,

for the most part, not measurably volatile at the temperature of boiling

water, 100, and therefore remain behind when the water is converted

into vapour. Some occasional impurities, however (especially ammonia
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and carbonic acid), are more volatile than water, and pass over, there-

fore, almost entirely with the first portions of the vapour.
From this there follows the method to be employed. Water,

contained in a suitable vessel, is caused to boil, and the vapours are so

cooled that the condensed water can be collected apart. If, when
volatile impurities are present, the first portions are rejected, a water is

obtained which, for the great majority of purposes, may be regarded as

pure.
This process is called distillation. It is employed not only for the

preparation of pure water, but is also applied to many other prepara-
tions, so that the retort

(Fig. 22), the apparatus
which was formerly most

largely used for this pur-

pose, has become the sym-
bol of chemistry.

The arrangement of a

distilling apparatus de-

pends on the special pur-

pose for which it is to be

used, and especially on the

amount of liquid to be dis-

tilled. In the laboratory
retorts and flasks are useid

for small quantities.
The former are vessels

with elongated necks bent

downwards. They are

usually made of glass, but
retorts made of other

material are also used for

special purposes. The

vapours are conducted

through the neck into a

flask (the receiver) pushed over it, and are there liquefied. Since the

receiver becomes strongly heated by the heat of the vapour, care must
be taken to keep it cool. A simple arrangement of this kind is shown
in Fig. 22.

More frequently, especially where corks may be used, and in cases

where the temperature of the vapours has to be measured, flasks with

a side tube (Fig. 23) are used for distillation. The condensation of the

vapours takes place in a condenser, which has usually the form of two

tubes placed one inside the other. The vapours are passed into the

inner tube, and into the space between the two tubes water is allowed

to flow, which absorbs the heat of the vapours. To make the best use

of the water, it is allowed to enter at the foot and to pass upwards in a

FIG. 22.
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direction opposite to that of the vapour. In this way the water may
pass almost boiling hot out of the upper end of the condenser, while at

the lower end the distillate is completely cooled. The principle of
counter currents applied here, which allows of the most economical use

of the acting substances and of the energy, is applied to an exceedingly

large extent in chemical apparatus, and will be repeatedly met with.

Such apparatus are sufficient for liquids of a few litres in amount.

Where larger amounts are dealt with, such as in the preparation of

distilled water for the purposes of a large laboratory, the distilling

vessel, or
"

still," is made of metal, generally of copper. The condenser

has the form of a tube bent round like a screw, and is made of pure

FIG. 23.

tin, because this metal is practically not attacked by water. It stands
in a larger vessel through which water is allowed to flow, in this case

also from below upwards. The warm water which passes out at the

top may suitably be used for feeding the still, so as to recover a part
of the heat. Such an apparatus is represented in Fig. 24.

To demonstrate the effect of distillation, a quantity of water is

coloured with ink and distilled from an apparatus, such as is shown in

Figs. 22 and 23. The water passes over colourless and tasteless.

68. Solutions Of Volatile Substances, The relations become
more complicated when both the solvent and the solute have nearly
the same vapour pressure. In this case, no such separation of the

constituents can be effected by boiling, for the vapour is then also a

solution of the same constituents, and, naturally on being condensed,

again yields a solution. It would therefore appear as if in such a case
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a separation of the constituents of the solution by distillation, would
be impossible.

This, however, is not the case. For although a solution is again
obtained on distillation, it has, in general, a different composition from
the original one, the difference being such that the more volatile con-

stituent, or that possessing the higher vapour pressure, collects in the

distillate, while the less volatile constituent accumulates in the residue.

On re-distilling the distillate, a further separation occurs, a distillate

still richer in the more volatile constituent being obtained. By the

repetition and the systematic combination of such distillations, a very
considerable separation can be effected, although, theoretically, such

separation can never be complete.
This behaviour can be demonstrated by distilling, say, a solution

FIG. 24.

of spirit of wine in water. Spirit of wine boils at 80, water at 100,
and a solution of equal proportions of the two, begins to boil at 82-5.

The vapour from this yields, on condensation, a solution with 80 per
cent of spirit of wine. On continuing the boiling, the temperature

rises, and, long before the last drops of liquid disappear, reaches 100.

That is to say, all the spirit of wine has distilled over and pure water

remains. On treating the distillate in the same manner, the process of

separation can be continued, and carried as far as desired. This process
is carried out industrially on a very large scale since the spirit of wine

can be obtained, by fermentation, only in the form of a dilute aqueous

solution, from which one prepares pure spirit of wine by distillation in

accordance with the principles set forth.

69. Application of Solution to the Separation of Mixtures.

A still more effective method of separating the constituents of mixtures

which cannot be separated mechanically, depends on the application
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of solvents which will dissolve one of the constituents and leave the

other undissolved. Mixtures of several constituents can, in any case,

be separated into groups by means of solvents into the soluble sub-

stances on the one hand, and insoluble on the other. Owing to the

variety of solvents there is also a variety of practical possibilities, and
so this method is much more frequently used than the previous ones.

Moreover, it allows of a much more complete separation.
For obvious reasons, we are concerned here essentially with liquid

solvents. The most favourable condition is reached when a solvent

can be obtained which only dissolves the desired constituent, and which
is volatile, so that it can easily be separated by distillation from the

solution which is formed. Such solvents are known in many cases.

When a mixture has been treated with a suitable solvent and the

solution has then been filtered off, a small quantity of liquid always
remains adhering to the solid. By treating the residue with a further

quantity of solvent a further portion of the solute can be extracted,

and so on, until no more of it remains. By the use of a solvent, therefore,

a complete separation can be effected, a thing which was not possible by
merely fusing one of the constituents. If both the solvent and the

residue are of value, they can be separated by distillation of the wet
residue

;
otherwise (for example, when water is used as solvent) one

can spare one's self this trouble.

This method finds a most manifold application. In the first place,
almost the whole of analytical chemistry, i.e. the art of separating and

identifying the constituents of mixtures, solutions, and chemical com-

pounds, depends on this artifice
;
as also do many industrial operations.

For example, sugar is removed from the beetroot, in the cells of which
it is present, by extraction with water, and is recovered from the

solution produced by evaporation of the water. On the other hand,
when gold is so finely distributed throughout the rock that a separation

by washing (p. 16) could not be carried out without loss, it is dis-

solved in mercury. The solution obtained is then distilled and the gold
remains behind. Such a process of

"
extraction

"
sometimes occurs

also in Nature, as, for example, when subterranean water flows over

rock-salt. It dissolves the salt, and when the solution is sufficiently

concentrated, these
"

salt wells
"
are utilised for the production of salt,

the water being removed by evaporation and the salt remaining behind.

The exact manner in which these general methods are carried out

depends on the scale of operation, and on other circumstances. We
shall later become acquainted with several of these in cases where

they play an important part in the separation or production of the

particular substances.

70. Summary. Solutions, like pure substances, are homogeneous,
and are thereby distinguished from mixtures. They are distinguished
from pure substances by the fact that their melting point and boiling

point are not independent of the relative amounts of the phases. The
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former continuously falls, the latter continuously rises as the amount
of the solid phase and gaseous phase formed respectively increases.

There exist solid, liquid, and gaseous solutions
;
the second class is

the most important practically.
Solutions can be prepared by bringing together two or more suitable

substances. Thus, liquid substances, according to their nature, dissolve

many (theoretically speaking, all) solid substances and give rise to

liquid solutions, which can again be separated into the same constituents
from which they were formed. This is due to the fact that when solu-

tions freeze, the solvent separates out in the pure solid form, and, on

distillation, either passes over pure or along with the solute (if this is

volatile) in such a different proportion that in this case also a separation
is possible in principle.

If increasing quantities of a solid substance are brought in contact

with a liquid, there is a certain relative proportion at which the possi-

bility of further solution, ceases. The solution is then said to be

saturated, and the corresponding concentration is called the saturation

concentration, or simply the solubility. It is usually expressed in parts

by weight to 100 parts of solvent. In the case of solid substances

dissolved in liquids this is not appreciably affected by pressure, but
varies with the temperature ;

in most cases the solubility increases

as the temperature rises, but the opposite is also found.

In the case of the mutual solubility of liquids, we find either the

same behaviour as that just described, so that the solubility may be

inappreciably small, or the liquids dissolve each other in all proportions
and exhibit no point of saturation.

Gases dissolve in liquids up to the point of saturation in quantities
which increase proportionally with the pressure.

These general laws find practical application in many cases. More

especially the solubility which depends on the nature of the substances

can be employed for the separation of mixtures where a mechanical

separation encounters difficulties.



CHAPTER VI

THE PHENOMENA OF COMBUSTION AND OXYGEN

71. Combustion. Of the chemical processes which unceasingly take

place in our surroundings the phenomena of combustion form one of the

most extensive and important groups. From remotest times, therefore,

they have attracted interest, and a large part of scientific chemistry
has developed around them.

Combustion, such as that of coal in the fire or of petroleum in the

lamp, possesses in a marked manner the peculiarity of chemical pro-

cesses, for in these cases the burning substances disappear and new
substances are produced.

Apparently, combustions take place in such a manner that the

substances disappear either completely, as in the case of petroleum,
or at all events, for the greater part, as in the case of coal. For the

ash which in the latter case remains behind amounts to only a small

fraction of the weight of the coal.

That combustions, however, take place in which the converse is

the case can be shown by many examples. Place on the one scale-

pan of a balance a small wire tripod, lay thereon a piece of fine wire-

gauze, and shake out on this a small heap of fine iron-powder. On

warming the edge of the heap with a flame the iron begins to glow,
and it gradually burns, forming a blackish, coherent, friable mass

which has quite different properties from the iron, and is, therefore,

a new substance.

Since, under these conditions, the combustion of the iron can be

observed only close at hand, we can make it visible at a distance by
sprinkling some of the iron-powder in the flame. Each particle then

burns, forming a brilliant, star-shaped spark. On a sheet of paper

placed underneath particles of the same blackish mass as is produced

by the burning of the iron on the wire-gauze are found.

While the combustion is taking place on the wire-gauze, the side

of the balance on which the iron is, is seen to become heavier, and at

last strikes with some force against the base. The combustion of iron

takes place, therefore, with increase of weight.

78
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72. Is Increase of Weight on Combustion Universal?
Since the first supposition, that combustion and decrease of weight
always go hand in hand, does not turn out to be true, one may suppose
that the opposite is the case, i.e. that increase of weight always occurs.

For it follows from the law of conservation of weight, that burning
petroleum and burning alcohol do not disappear into nothing. New
substances must, therefore, be produced, and the following experiment
will readily convince one of this. Take a large, dry tumbler and hold
it over a flame so that the flame burns inside. The tumbler is then
seen to become immediately covered with a film which has exactly
the appearance of the film of moisture which forms on cold window

panes. On closer investigation one can convince one's self that the film

consists of water. Since this phenomenon does not occur when the

tumbler is held over the unlit lamp, it follows that water is formed in

the flame.

Further, if a similar tumbler be rinsed out with lime-water and
then held in this condition over the flame, a white solid is formed in

the lime-water which looks exactly like chalk. This phenomenon also

occurs only when the lamp is lit.

The lime-water for this experiment is prepared by shaking lime

with water, and then allowing the milky liquid to stand in a closed

bottle. In a few hours the lime sinks to the bottom, and the clear,

supernatant liquid is then poured off into another bottle. As a rule,

it thereby again becomes milky, and must stand some time to become
clear.

These experiments show that, although in the combustion of the

above liquids, the latter certainly disappear, new substances are pro-

duced, which escape direct observation only from the fact that they
occur as gases.

Processes, by means of which the presence of certain substances

can be detected, such as the formation of the film on the tumbler and
of the white solid in the previously clear liquid, are called reactions,

and the substances necessary for them, reagents. The formation of the

film is a reaction for water vapour, and lime-water is a reagent for

-another substance which is also formed in the combustion of petroleum
or of alcohol.

To give, then, a proper answer to the question, whether in the

combustion of petroleum or of stearin an increase or diminution of

weight occurs, care must be taken that the gases formed do not escape
into the air, but are held fast. This is effected by means of a white

substance which is sold under the name of caustic soda, and is moulded

into rods or broken into irregular pieces. With this substance the

upper part of a lamp cylinder is loosely filled, a piece of wire-gauze fixed

into the cylinder preventing the caustic soda from falling down. The

cylinder is then placed on the balance in such a way that a small lamp
or a candle can be placed underneath it (Fig. 25). When the whole
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has been brought into equipoise the lamp is lit. In a short time that

side of the balance on which the lamp is, sinks, thus proving that the

petroleum and the stearin on combustion are converted into substances

which are heavier than the part of the combustible substance which

disappears.
From these experiments we can draw the general conclusion that

combustion consists in the chemical action of the combustible substances

on some other substance which combines with them to form new sub-

stances. For, according to the law of the conservation of weight, the

increase of weight can be produced only by the addition of another

ponderable substance to the substances

undergoing combustion.

This substance will be sought for in

the air, since, in the case of the processes
we are considering, there is no possibility
of the access of any other ponderable
substance.

. 73. Behaviour of the Air during
Combustion. For the purpose of get-

ting a more exact knowledge of the pro-
cess of combustion in this direction, we
must shut it off from the rest of the out-

side world in such a way that we can

investigate all the changes which occur

in the participating substances. We
therefore carry out the combustion in a

closed space, in a glass flask.

The first thing that we notice here

is, that in a given volume of air it is. not

possible to burn any quantity of oil, but
that the amount burned is greater the

greater the volume of the air. There is,.

therefore, something contained in the air which is necessary for com-
bustion.

The air, however, does not consist entirely of this something. No
matter what substances are burned in a given quantity of air, one
never succeeds in using up the whole amount of air

;
on the contrary,

about ^ths of it remain behind. In this residue, combustion can no

longer be produced, and closer investigation shows that the gas remain-

ing has other properties than the air. From this it may be concluded
that the air is not a simple substance, but a solution, consisting of a

substance which is necessary for combustion, and of another which
does not effect combustion.

74. Oxygen. That the power of the air to support combustion

depends on the presence of a gaseous substance which does not con-

stitute the whole air, but only about tth of it, was stated by the chemist

FIG. 25.
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Scheele (born at Stralsund), towards the end of the eighteenth century.
Scheele confirmed his opinion, which was opposed to the then existing
ideas of the

"
elementary

"
nature of the air, by showing how to prepare

a substance which had the power of supporting combustion in a much
higher degree than ordinary air, and which left behind no residue

incapable of supporting combustion.
Scheele obtained his gas, which he called fire-air, by strongly heat-

ing the substance well known by the name of saltpetre. He afterwards
obtained it in the same manner from the mineral pyrolusite.

Independently of Scheele, the same substance was discovered
somewhat later by Priestley, who prepared it by strongly heating a
reddish-brown substance called oxide of mercury.

FIG.

The last experiment is the most convenient for repetition. The
reddish-brown powder (oxide of mercury) is placed in a bent tube of

hard glass (Fig. 26). The tube is closed by a perforated cork, carrying
a narrow glass tube with indiarubber tubing attached. On heating the

tube containing the oxide .of mercury, this substance first becomes

darker, almost black, in colour. After some time a film with a metallic

lustre is formed on the tube near the heated part. If the end of the

gas-delivery tube is placed under water, bubbles of gas are seen to rise.

This might be taken for air, which, caused to expand by the heating,

partially escapes from the tube. We can readily convince ourselves,

however, that the gas is not ordinary air
;

for if a splinter of wood
which has been lit and then blown out, so that only the charred end

G
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glows feebly, be brought to the mouth of the tube, it at once bursts

into flame. The gas which is evolved can be collected by filling a

vessel with water and inverting it in the trough in such a manner that

the opening remains under water. On allowing the gas bubbles to pass
from the tube into the mouth of the vessel, the water is displaced by
the new gas, and after some time the vessel is filled with it. The

process goes on so long as there is oxide of mercury present. This has,

however, in the meantime diminished in amount, and after some time

disappears entirely. At the same moment the evolution of gas ceases.

75. Properties of Oxygen. If we examine the gas thus obtained,
we cannot, by its external appearance, distinguish it from air. Like

air, it is colourless ; proves, on appropriately testing it, to be odourless

-and tasteless
;
from the manner of its preparation also, it is evident

that it is, like air, insoluble or only slightly soluble in water. That
it is, however, different from air is shown by its already known be-

haviour towards glowing wood. Exact investigation, also, shows

that its density and its other physical properties are distinctly different

from those of air. We have, therefore, ground for considering the

gas evolved from oxide of mercury to be a substance of a special kind.

Such, as a matter of fact, it is, and it is called oxygen}-
76. Decomposition of Oxide of Mercury. Let us now investi-

gate more closely the process by which we have obtained oxygen. As
we see, the oxide of mercury has completely disappeared. Along with

the oxygen, however, a liquid substance with a metallic lustre has

been produced ; this has been deposited in the fore part of the tube,

and exhibits the properties of mercury. Besides these, nothing else

can be detected.

The oxide of mercury has, therefore, been converted into oxygen
and metallic mercury. If the weight of the oxide of mercury, of the

mercury, and of the oxygen be determined, it is found that the weight
of the first is equal to the sum of the other two. In accordance with

the law of the conservation of weight, we shall say that the oxide of

mercury has, under the influence of heat, been transformed into mercury
and oxygen, and we may add that no other substance can have been

produced in the process. We can therefore write the equation :

Oxide of mercury= mercury + oxygen,

where the sign of equality signifies that the substances on either side

<of the sign can be transformed into one another.

One often finds the expression used that oxide of mercury consists

of mercury and oxygen, since the former can be converted into the

latter. However, oxide of mercury exhibits the properties neither of

1 The name oxygen (acid producer) belongs to an olden time, and is the expression
of a former, erroneous opinion that this substance is contained in all acids and is essential

for their properties. Even after the recognition of the falsity of this view, the name was
retained.
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mercury nor of oxygen. Since a substance is characterised only by
its properties, such a statement as the above has no real meaning, and
is only a short inaccurate method of expressing definite regularities
which will be discussed later (Chap. VII.).

This method of expression is, however, so generally used that we
must retain it for the sake of intelligibility, though with the reserva-

tion just made.

77. Combination. The process of the conversion of oxide of

mercury into mercury and oxygen can be reversed. By heating

mercury in contact with air, i.e. with the oxygen of the air, to about
its boiling point, it is converted into oxide of mercury. The process,

however, requires days in order to yield an appreciable amount of

oxide of mercury.
As a single substance is hereby produced from two different sub-

stances, the process is called a combination ;
the reverse process,

the conversion of one substance into two oxide of mercury into

mercury and oxygen is called a decomposition. In the same way,

mercury and oxygen are called the constituents of oxide of mercury,
and this, a compound of the two other substances. It is looked upon,

therefore, as a composite substance with regard to its constituents ;
still

one may be again reminded of the reservation we have just made.

78. Quantity Relations. Eeturning to our experiment, we can

raise the question as to the quantity relations of the participating sub-

stances. From the experiences of common life, one will be inclined

to assume that in the conversion of a substance A into a substance B,

the amount of B obtained will diminish and increase in the same ratio

as the amount of A used. However, from the same experiences, one

would conclude that although the
"
yield

" would on the whole agree

with this rule, it would, in individual cases, show more or less devia-

tion from it.

Let us perform suitable experiments by decomposing various

accurately weighed-out amounts of oxide of mercury and measuring
the oxygen evolved. (The necessary precautions to be taken here will

be discussed presently.) We find that the ratio of the amount of oxide

of mercury used to the amount of oxygen obtained is constant, not only

approximately, but with all the accuracy with which we can endow the

measurement.

The relation which we here meet with is a case of a general law

of nature.

When one substance is converted into another, there exists a definite,

invariable relation between the weight of the substance disappearing and that

of the substance produced.
We can at once extend this law and say that when two substances

combine with each other to form a third substance, an invariable

relation also exists between the two substances. For the weight of

the substance produced stands, in accordance with the law just stated,
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in a constant relation to that of the substance which disappears. This

weight is, however, equal to the sum of the weights of the combining
substances. If the two separate weights are proportional to their

sum, they are also proportional to one another.

In symbols, the law can be represented thus. Let the weights of

the combining substances be A and B, and the amount of the substance

produced or the compound be C. Then, according to the first law,

A/C = const, and B/C = const. From this there follows, by division

A/B = const., which had to be proved.
What has here been stated for two substances which combine with

one another holds for any number of substances
;
the law of constant

combining proportions is universal.

The accuracy of this law has been subjected to a very careful test

by various investigators, both the source or the method of preparation
of the participating substances and the conditions of the transforma-

tion being changed as much as possible. The result obtained was
similar to that in the case of the law of the conservation of mass, and
no one has succeeded in showing deviations from the law. On the

contrary, the relations were found to be invariable within the same
limits of error as the quantity determinations themselves could be

carried out. The law of invariable transformation ratios belongs,

therefore, along with the law of the conservation of mass, to the few

laws which, within the bounds of our present knowledge, can be de-

signated as entirely exact.

79. Deductive Derivation of the Law of Constant Propor-
tions. The law of the invariability of the combining proportions, which
we have just obtained empirically, can be regarded as a consequence
of the previously stated law of the definiteness of the properties attach-

ing to substances, if we reckon as properties all relations in which the

substance can be placed with regard to others. For the proportion in

which one substance is produced from other substances certainly belongs
to these relations, and it is quite proper to expect that when a third

substance with quite definite properties is produced by the interaction

of two substances, the amounts of the reacting substances necessary
for this result cannot interact in arbitrary proportions, but must do so

in definite proportions.
Such a method of argument is frequently used in science for the

purpose of deriving unknown relations from others already known.

The method is called deduction, and a science which is based entirely
or chiefly on such a method is called a deductive science. Formerly
such a science was regarded as being infallibly correct

; nevertheless,

a double possibility of error attaches to the deductive conclusions.

Firstly, these conclusions share all the uncertainties attaching to the

assumptions from which they are developed. Secondly, to these have

to be added the uncertainties which may lie in the method of deriva-

tion. Formal logic, it is true, teaches how to avoid gross errors of



vi PHENOMENA OF COMBUSTION AND OXYGEN 85

the latter kind
;

less apparent errors, however, which are due especially
to the varying nature of the conceptions employed, and to the incom-

pleteness of the distinctions made, can often be avoided or discovered

only with difficulty.

In the natural sciences, now, there is an invaluable means of testing
deductive conclusions : their results are compared directly with experience.
Thus it would have been quite possible for a meditative investigator
to derive the law of constant combining proportions from the empirically
formed conception of a substance endowed with definite properties.
He could then have stated this law as a deduction from the former

one
;

it would, however, have obtained validity in science only when
he or some other investigator had proved the correctness of the deduc-

tion by a number of appropriate measurements.

From this it would appear as if the method of deduction could

be entirely dispensed with, since the results, as we have seen, must be

tested and confirmed by experience before they are acknowledged.
The discovery of new laws could, indeed, be left entirely to experience.

Against this, however, there is to be said that the empirical discovery
of laws would be too dependent on chance, whereas the drawing of

conclusions from existing laws offers a rational method for the discovery
of new ones. But further, it is of the highest importance to know the

interdependence of the different laws, so that if limitations or errors

are found in a law, one may be able to judge of the bearing of these on

other laws. This interdependence of the laws can, however, be ascer-

tained only by the deductive method. This forms, therefore, an

important aid to the advance of science, and a guarantee of its stability.

80. Summary. The investigation of one of the most frequent and

conspicuous chemical phenomena, combustion, showed that this consists

in the interaction of the burning substances with a portion of the air.

The substance constituting this portion is called oxygen, and the inter-

action takes place in such a way that the oxygen unites with the burning

substances, forming with them new substances which together weigh

more than the combustible substances had before weighed. The

increase of weight is, in accordance with the law of the conservation

of weight, equal to the weight of the oxygen which has at the same

time disappeared.

Oxygen can be prepared in the pure condition by heating certain

substances, e.g. oxide of mercury. It is found to be a colourless gas

in which combustible substances burn more vigorously than in ordinary

air.

Besides oxygen, metallic mercury is at the same time produced

from the oxide of mercury. The weight of this and the oxygen is

equal to the weight of the oxide of mercury which has disappeared.

Mercury and oxygen are called the constituents of oxide of mercury,

and the latter is called a compound of the two former.

The formation of compounds from their constituents takes place in
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definite proportions ly weight, which depend only on the nature of the

substances, and not on the circumstances under which the compounds
are produced. This law of constant proportions by weight holds for all

kinds of chemical transformation whatever.

The exactitude of this law is of the same order as that of the law

of conservation of weight in chemical processes, i.e. no deviations from

it have as yet been proved.



CHAPTER VII

THE CHEMICAL ELEMENTS

81. Elements and Compounds. By the application of heat we had
succeeded in transforming oxide of mercury into more "

simple
"

con-

stituents, i.e. into substances whose separate weights are less than*the

weight of the original substance, while the sum of their weights is

equal to the weight of the original substance. Similar
"
decom-

positions
"
can be effected by the application of other forms of energy,

e.g. electrical energy. Imagine, now, all substances tested in this

respect, and the
"
simpler

"
substances thereby obtained likewise

subjected to the decomposition treatment. Substances will then be

ultimately obtained which can in no way be decomposed into simpler
ones, i.e. substances which in all chemical transformations can yield only
substances of greater, or, at best, of equal weight.

Such substances are called elements. From what has just been said,

it follows that the scientific concept of a chemical element is by no
means that of a substance which is, in essence,

"
undecomposable," but

simply that of a substance which has hitherto never been converted

into one of less weight than itself.

Despite the exceedingly large number of chemically different

substances, amounting to many thousands, the number of the chemical

elements is not great. There are, in all, some eighty different simplest
substances into which all naturally occurring substances can be trans-

formed, or of which they
"

consist." And, in fact, it has been found

that the number of different elements into which a given substance

can be separated is generally very small. By far the larger number
of substances contain only two, three, or four elements ; substances

with a larger number of elements are comparatively rare.

The names of the elements so far known with certainty are as

follows :
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82. The Elements. Substances which in chemical transforma-
tions can only increase in weight, or elements, occur to a small extent in

nature
;

for the most part, however, they are artificially prepared, i.e.

obtained from their compounds (p. 83). The ways in which this is

carried out will not be considered till later. For the purpose, how-

ever, of obtaining a first general view of those substances which are

most important in chemistry, we shall give a preliminary account of

the chief 'properties of the elements and of some of their compounds,
especially so far as they are usually known to a beginner from his

experiences in ordinary life.

Since the number of the elements is, in round numbers, 80, a classi-

fication of this large total is necessary. This is carried out on the basis

of greater or less similarity of the elements and their compounds among
one another. Since a more exact knowledge is necessary before this simi-

larity can be judged, it is not possible to explain here the grounds for the

classification used
; they will be discussed at the conclusion of the work.

The elements are, first of all, grouped into non-metals and metals.

While the latter, which form by far the larger number, possess the

well-known, easily recognisable properties which are connected with

the concept of a metal, and which we meet with, say, in the case of

silver, iron, or lead, there is no such common character in the non-

metals
;

on the contrary, they exhibit a large variety of different

properties. The further subdivision of these two groups is carried

out on the principle of similarity, i.e. in accordance with agreement in

the properties of their derivatives or compounds. The single groups
are generally named after specially well-known or characteristic ele-

ments belonging to them.

As to the best classification of the elements there has been much
discussion. Since we are not dealing here with a question to be answered

by yes or no, but with the judging between different considerations

of suitability, it is natural that no definite decision has been reached,

as also that such a decision is not a matter of very great importance.
Under all circumstances it is well to bear in mind that every such scheme

is one-sided, certain similarities being more strongly emphasised than

others, a'nd that it is more to the interest of the learner to recognise the

possibility of various classifications than to make his knowledge one-

sided by the idea of an
"
absolutely

"
best arrangement. The following

arrangement affords a general view of the elements :

I. NON-METALS II. METALS

A. Hydrogen and the halogens. F. Alkali metals.

B. The oxygen group.
C. The nitrogen group.
D. The carbon group.
E. The argon group.

G. Alkaline earth metals.

H. Earth metals.

I. The iron group.
J. The copper group.
K. Other metals.

Light metals.

Heavy metals.

III. THE RADIO-ACTIVE ELEMENTS
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The above grouping is by no means ideal, still it has the advan-

tage of bringing together the most important natural groups of the

elements.

The two divisions of the metals, the light and the heavy, are so

formed that the first division contains the metals whose density does

not exceed 4, while to the second division belong the metals with higher

density. With this apparently rather external and arbitrary distinction

there are bound up important chemical differences, which form the

real justification of the division.

The last group of the radio-active elements has been discovered

only in recent years. They are so markedly distinguished from all

the other elements by quite special and extraordinary properties that

they most undoubtedly form a class by themselves, although in other

respects they can be grouped with the others.

We pass now to the characterisation of the individual elements.

Non-Metals

A. HYDROGEN AND THE HALOGENS

Hydrogen is a colourless gas which is more difficult to bring into

the liquid and solid state than any other substance except helium

(p. 88). It is the lightest of all known substances, for 1 c.c. of it

weighs under
"
normal

"
conditions, i.e. at C. and under a pressure

of 76 cm. of mercury, only 0-000090 gm. It does not occur in appreci-

able quantity in the free state in nature, although there is probably a

very small quantity of it present in the air.

In compounds, hydrogen is met with very frequently. Water,

which covers -f-ths of the earth's surface, is a compound of

hydrogen with oxygen. Moreover, hydrogen is present in almost

all the substances of which the bodies of animals and plants are

built up.
Fluorine is a faintly yellowish-green coloured gas which does not

occur in nature, and which can be prepared only with difficulty, since

it at once interacts chemically with almost all substances.

Its naturally occurring compounds are not rare
;
the best known is

fluorspar.

Chlorine, likewise, does not occur free in nature, and must be pre-

pared from its compounds. It is a yellow-green coloured gas with a

powerful smell, and has a very harmful action on life of all kinds. By
moderate pressure it can be condensed to a yellow-green coloured,

oily liquid, which is prepared on a manufacturing scale and sold in

metal bottles. Chlorine, also, has the power of readily forming chemical

compounds.
Compounds of chlorine occur abundantly in nature. The most im-

portant and best known is common salt, the familiar white substance



vii THE CHEMICAL ELEMENTS 91

which is soluble in water and which we are wont to add to almost all

our food.

Hydrochloric acid is a compound of chlorine and hydrogen.
Bromine is a dark brown-red liquid, transparent only in quite thin

layers, and is one of the few elements which are liquid at ordinary
temperatures. Even at room temperature it passes very readily into

a yellow-red, heavy vapour which has an exceedingly disagreeable
smell, and has a caustic action on all organisms. It shares with fluorine

and chlorine the widely extended combining power, but possesses this

to a less degree than those elements. Bromine does not occur free in

nature.

The best-known compound of bromine is potassium bromide, a white

salt, readily soluble in water, which finds application in medicine and
in photography. The bromine compounds occur, indeed, widely
distributed in nature, but generally in small quantities, so that bromine

belongs to the somewhat rarer elements.

Iodine is a solid, crystalline substance of a blackish-violet colour,

and with a lustre which approaches that of the metals. It volatilises

only slightly at room temperature sufficiently, however, for it to have
a distinct and not pleasant smell. At higher temperatures it melts

and passes into a vapour of a fine violet colour.

Iodine dissolves in various liquids, giving solutions which are

sometimes coloured brown, sometimes violet. A solution of iodine in

alcohol is employed in medicine under the name of tincture of iodine.

It is a brown liquid having the smell of its two components.
Iodine does not occur free in nature

;
its compounds are sparsely

distributed. Potassium iodide, a white salt readily becoming coloured

yellow or brown owing to the separation of iodine, finds frequent

application.

B. THE OXYGEN GROUP

Oxygen is a gas which forms a constituent of the atmospheric air

(about ith), and as such is exceedingly important for living nature.

The work or energy which the organisms require for the exercise of

their functions is derived from the combination of the substances of

which they consist with oxygen. Likewise, all phenomena of com-

bustion by means of which we warm our houses and drive our machines

depend on the co-operation of oxygen.

Oxygen gas is, in thin layers, colourless ;
in very thick ones, blue.

By strong cooling it can be condensed to a bluish liquid which boils at

- 183 C.

Besides the large quantities of oxygen which occur free in the air

there are also enormous quantities of the element contained in com-

pounds. Most of the compound substances which we find at the earth's

surface contain oxygen. Of these compounds, the most important is



92 PRINCIPLES OF INORGANIC CHEMISTRY CHAP.

water (cf. p. 90). In weight, oxygen far surpasses all other elements

at the earth's surface.

On account of the great importance of oxygen and of its compounds
for all life, and on account of the very numerous compounds which it

forms, this element occupies a specially prominent place in chemistry,
and may be designated as the most important of all the elements.

Sulphur is a well-known, yellow, solid substance which melts at

120 C. to a honey-coloured liquid and readily inflames in the air. It

burns with a blue flame, forming a gaseous oxygen compound which is

easily recognised by its pungent odour.

Sulphur does not conduct electricity, and readily becomes negatively
electrified on being rubbed.

Sulphur is widely distributed in nature. It occurs in large

quantities, especially in volcanic regions, sometimes pure, sometimes

impure through admixture with earthy matter. Not inconsiderable

quantities of sulphur are also found in places where a decomposition
of salts containing sulphur is effected by peat or brown coal.

Sulphur is met with in much larger quantity in chemical compounds
than in the free state. Gypsum and iron pyrites may be mentioned as

the best known of these substances.

Besides the oxygen compound of sulphur just mentioned, a hydrogen

compound forces itself on the observation through its conspicuous and

unpleasant smell. This substance is produced in the decomposition
of many animal substances, e.g. eggs, and the

"
smell of rotten eggs

"

thereby produced is in reality the smell of this compound, sulphuretted

hydrogen.
Selenium and Tellurium are two very rare elements whose com-

pounds are similar to those of sulphur, whereas the free elements differ

in their properties. Selenium is generally a black-red, solid substance

which does not conduct electricity. Besides this, however, another

form of selenium is known which has a half-metallic lustre and a slight

electrical conductivity. In nature selenium occurs almost entirely in

the form of compounds ; occasionally, it is found in traces accompany-
ing sulphur.

Tellurium is a grey, solid substance with metallic lustre, and conducts

electricity like a metal. It also occurs in nature generally in com-

pounds.

C. THE NITROGEN GROUP

Nitrogen is a gaseous element occurring to a preponderating extent

in the free state
; the amount of the nitrogen compounds in nature is

small compared with that of elementary nitrogen. It forms the chief

constituent of atmospheric air, which is a mixture (not a chemical

compound) of 4-ths nitrogen and ith oxygen by volume. As can be

understood from the known properties of the air, nitrogen is colourless,

odourless, and tasteless. By great cold it, also, can be condensed to
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a liquid ;
with greater difficulty, however, than oxygen. Its boiling

point lies lower than that of oxygen, viz. - 196 C.

Although the nitrogen compounds are, in amount, inferior to the
free nitrogen, they are, nevertheless, of very great importance, since
the most important constituents of the vegetable and animal structures
are nitrogen compounds. Especially the substance of the muscles and
the contents of the cells, the so-called protoplasm, to which the real
life activity is attached, are nitrogenous.

Of the better known compounds of nitrogen in the mineral kingdom,
saltpetre and sal ammoniac may be mentioned.

In contradistinction to the elements we have hitherto mentioned,
elementary nitrogen possesses only in a very slight degree the power
of interacting chemically with other substances. It is, therefore,
characterised as a chemically inert or indifferent element. To obtain

nitrogen compounds one cannot, therefore, as a rule, start from nitrogen
itself, but the desired substance must be prepared from other nitrogen
compounds.

Phosphorus is an element which is classed along with nitrogen, not
on account of their similarity in the elementary state, but because of

the similarity of the corresponding compounds. The free elements
themselves are widely different.

Phosphorus is known in two different forms, which possess quite
different properties, but represent chemically, both of them, elementary
phosphorus. This is seen from the fact that both forms, in their inter-

action with other substances, always give the same compounds in

the same proportions, and each can be converted into the other without

residue. The difference between them must be interpreted in somewhat
the same way as the difference between water and ice, only that in the

case of phosphorus the transformation does not take place so easily.

The first form of phosphorus is a semi-transparent, faintly yellowish
substance which has the property of appearing luminous in moist air

;

it thereby evolves fumes and changes into an acid liquid. This is due

to the fact that phosphorus, even at the ordinary temperature, com-

bines with oxygen ;
it undergoes slow combustion. At a somewhat

higher temperature the slow combustion passes into rapid combustion,

whereby the phosphorus burns with a bright, yellowish-white light,

with formation of white fumes.

The second form of phosphorus appears as a black-red powder
which neither fumes nor appears luminous in the air, nor becomes

visibly oxidised. This red phosphorus, also, takes fire much less easily

than the first mentioned white phosphorus ; having once taken fire,

however, it burns in the same way as the white form.

Each variety can be transformed into the other by the action. of

heat. The relations which are here met with will be discussed later

(Chap. XVIII.).

Only compounds of phosphorus occur in nature. These also play
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an important part in living nature. The bones of the vertebrate

animals contain compounds of phosphorus, and serve as the starting-

point for obtaining the element.

Arsenic, in its compounds, is closely allied to phosphorus, and in the

free state, also, has a certain similarity to it. It is a black substance

with a feeble metallic lustre, and co'nducts electricity like a metal.

On being heated, it passes into a vapour without previously melting ;

the vapour, likewise, on cooling, passes directly into solid arsenic.

In nature, arsenic occurs both in the elementary state and in

compounds, especially with the heavy metals.

The most conspicuous property of arsenic is its great poisonousness.
All compounds of this element are more or less poisonous. Most of

the cases of arsenical poisoning occur with an oxygen compound of

this element, which is commonly called white arsenic or simply arsenic
;

it is a white, almost tasteless powder, slightly soluble in water.

D. THE CARBON GROUP

Carbon. The peculiarity which was found in the case of some of

the preceding elements, that there exist different solid forms which

yield exactly the same transformation products, is present in a very
marked degree in the case of carbon, for this element is known in three

quite distinct forms. Ordinary black charcoal, the purest form of

which is soot
; graphite, the material of lead pencils ; and, lastly, the

diamond, the colourless, strongly refracting and exceedingly hard

precious stone, all consist of carbon, and yield, in all chemical trans-

formations, equal quantities of the same final product.
Besides these forms of elementary carbon, which generally occur

in nature mixed with impurities, there are numerous compounds or

derivatives of carbon. It is present in enormous quantities in the

mineral world (in limestone), and forms a never-absent constituent of

all organisms. The different compounds of carbon occurring in the

animal and vegetable kingdoms give rise, in chemical actions, to

numerous other compounds. Above all other elements, carbon is

endowed with the greatest power of forming different derivatives, and
the number of substances which contain carbon so greatly exceeds the

number of the compounds of the other elements that the chemistry of

the carbon compounds forms, under the name of organic chemistry, a

special part, and, indeed, as regards the number of known substances,
the larger part of all chemistry.

These organic compounds consist, in the simplest cases,' of carbon and

hydrogen ;
to them belongs petroleum, which is a mixture of various

"
hydrocarbons

"
of similar composition and properties. Oxygen, in

addition, is contained in the substances which are classed together
under the name of the fats, and also in the starch and sugar-like sub-

stances which occur to a specially large extent in plants. The albu-
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minoids, of which the muscles and the nerves are built up, and in which
the chemical processes of life for the greater part take place, contain,
besides the already-mentioned elements, nitrogen and generally also

sulphur and phosphorus. That carbon is contained in all these sub-
stances is readily seen when they are strongly heated. The "

charring
"

which thereby takes place consists essentially in the other elements
escaping as volatile compounds, leaving behind the portion of the
carbon which does not disappear with these compounds, as charcoal.

After oxygen, carbon must be designated as the most important
element.

Silicon is an element which does not occur in the free state on the
earth. In the form of an oxygen compound, known as silicic acid,
and of derivatives of this, silicon is, however, one of the most widely
distributed elements.

Silicon, like carbon, can be obtained in various forms, as a brown
powder, and as an iron-grey brittle mass with metallic lustre. This
latter form conducts electricity.

An oxygen compound of silicon, silicic acid, constitutes, as quartz,
a large part of the soil and the mountains. Compounds of silicic acid
with various metals, especially of the group of light metals, compose
most of the rocks. Silicon is, therefore, essentially the element of
the solid crust of the earth.

Boron is an element which does not occur to a large extent in nature.
It is never found free, but must be prepared from its compounds. The
properties of elementary boron are similar to those of silicon.

The most important compound of boron is likewise that with

oxygen. This is contained in borax, a salt used in the arts for soldering
and for some other purposes, and which is the best known of all the

compounds of boron.

E. THE ARGON GROUP

In atmospheric air there are found in very small quantities a few

gases which have only recently been discovered, and which are dis-

tinguished by the peculiarity that none of them has ever been caused
to enter into chemical combination. They are known, therefore, only
in the elementary state.

The longest known is argon, which is present in the air to the extent
of rather more than ytroth part by weight, and remains behind when
the other components have been converted into stable chemical com-

pounds. It is a colourless gas, which, on account of its inability to

form chemical compounds, is also odourless and tasteless. Its density
is greater than that of air.

Besides argon, a few other gases of similar chemical indifference

have been discovered. These likewise occur in the air, but in much
.smaller quantity ; they are also contained in measurable quantity
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enclosed in some minerals. They are called Helium, Neon, Krypton,
and Xenon.

The Light Metals

F. THE METALS OF THE ALKALI GROUP

The metals of this group have many properties in common. They
have a low density, some of them lower than that of water. Their

power of forming chemical compounds is very highly developed so

that they never occur free in nature, but must first be prepared by
energetic means from their compounds. By reason of their great

combining power they have the property of reacting chemically with

most other substances, and can, therefore, be preserved only by observ-

ing special precautions.
Potassium. Fresh surfaces of this light metal show a fine silver

lustre. It readily melts, and is, even at the ordinary temperature,
soft like wax. At a red heat it passes into vapour.

In nature, only compounds of potassium occur. As the best known
of these saltpetre and potashes, both of them white salts, may be cited.

The most important is carnallite, which is obtained in large quantities
in some parts of Germany, apparently as the residue left on the evapora-
tion of a previously existent sea. Plants require potassium compounds
for their growth, and where these are not present in sufficient quantity
in the soil they are added as manure in the form of carnallite, or of the

compound prepared from it and richer in potassium, potassium chloride

Potassium compounds of all kinds play an important part in the

arts and manufactures. Potassium is also of importance in the organism
of man and the animals

;
it forms an essential component of the red

blood corpuscles.
The elements rubidium and caesium are allied to potassium. Their

properties are almost identical with those of potassium, both as elements

and in compounds. In contrast with potassium, however, they occur

in very small amount in nature.

Sodium is, in its properties, a light metal very similar to potassium.
Its compounds are likewise found in enormous quantities in nature.

The best known and most important of these is common salt (p. 90),

which consists of sodium and chlorine. It serves as starting-point for

the preparation of most of the other sodium compounds, as also of the

chlorine compounds. Soda and Glauber's salt are also compounds of

sodium.

Lithium is a rare element, which, in its properties and compounds,

agrees least with the other elements of this group. It finds no great

application.

G. THE ALKALINE EARTH METALS

The elements of this group share with the alkali metals the property
of a low density and of a highly developed combining power. Whereas
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these, however, cannot be exposed to the air without at once combining
with the oxygen, the alkaline earth metals in a dry state remain un-

changed in the air. They are also much more tenacious and more
difficult to melt and to volatilise than the alkali metals

; they have,

therefore, more the character of the ordinary metals.

Magnesium is a white metal, somewhat of the colour of tin, which
remains unchanged in the air as long as the temperature is low. On
being heated it takes fire and burns with a brilliant light, forming an

oxygen compound.
Compounds of magnesium occur very largely in nature. Almost

all rocks which contain silicic acid also contain magnesium in the

form of a compound with silicic acid. There are also other minerals

which contain magnesium. In daily life several magnesium compounds
find application ;

the most important are magnesia, which is an oxygen
compound of the metal, and Epsom salts.

Metallic magnesium does not occur in nature any more than any
of the other light metals.

Calcium is similar to magnesium, but oxidises with much greater
readiness. Compounds of this element occur in nature in large quan-
tities, and have an essential share in the building up of the earth's

crust.

Of such compounds there should be mentioned limestone and

dolomite
;

the latter contains magnesium as well as calcium.

Marble, the use of which is known, is a specially pure form of lime-

stone. From limestone mortar is prepared. Gypsum, also, and

cement, which find a similar application to mortar, contain calcium.

The calcium compounds are largely applied in the manufactures.

Strontium and barium are two elements which, in their whole

behaviour, are closely allied to calcium. Their compounds, however,

occur in much smaller quantity, although they cannot actually be

designated as rare.

Lastly, beryllium (glucinum) must be mentioned as an element

belonging to this group. It has the same relation to the other members

as lithium has to the other alkali metals, i.e. it shows less similarity to

the other members than these to one another. It is a rare element,

deriving its name from its occurrence in the mineral beryl.

H. THE EARTH METALS

The elements of this group have the character of the ordinary

metals in a much more pronounced manner than those of the preceding

groups. Of the large number of metals which could be mentioned here,

only one, aluminium, can claim our attention, since the compounds
of the others occur so rarely in nature that they play no important

part, either with regard to the composition of the solid crust of the

earth, or through application in the arts or in medicine.

H
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Aluminium, which, does not occur free in nature, is, in its oxygen

compounds and derivatives of it, widely distributed, and is, after

oxygen and silicon, the third most frequent element in the earth's

crust. It is an almost never failing constituent of the rocks which

contain silicic acid. When these undergo mechanical and chemical

disintegration under the action of moisture and other atmospheric

influences, clay separates out, which is a compound containing silicon

and aluminium along with oxygen, and which, in different forms, is a

chief constituent of the sedimentary or stratified rocks. The technical

application of clay to the making of bricks, vessels, and modelled

objects of all kinds is also very important.
In recent years the metal aluminium has been prepared in large

quantities from its compounds with the aid of the electric current. It

is, as is known, a white, light metal which keeps well in dry air, but is

readily attacked in water, especially in salt water.

The remaining very rare earth metals we shall not describe here.

The best known are scandium, yttrium, lanthanum, cerium, neodymium,

praseodymium.

The Heavy Metals

I. METALS OF THE IRON GROUP

Iron is an element the properties of which, on account of its uni-

versal use, are well known. It is a hard, difficultly fusible metal which

remains unchanged in perfectly dry air, but in moist air and under

the influence of various substances very quickly rusts, i.e. forms a

compound with the oxygen of the air.

The somewhat different properties which iron exhibits as cast-

iron, wrought-iron, and steel, are due to the presence of small amounts

of other substances, more especially carbon. The properties of pure
iron agree most nearly with those of wrought and ingot iron, which

-are the purest commercial kinds of iron.

In nature the occurrence of iron in the elementary state is ex-

ceptional ;
its compounds, however, are universally distributed and

occur in large quantities. On the whole, iron occurs less frequently

than aluminium, but more frequently than calcium and magnesium.

Although iron compounds are present only in small amount in the

;animal and vegetable organism, they appear, nevertheless, to play a

very important part, since the red blood corpuscles of the vertebrate

animals, as well as the green cells of assimilating plants, contain iron.

Allied to iron are the nearly related elements manganese, cobalt,

and nickel. They all belong to the less frequent, although not rare,

elements.

Manganese, in the metallic state, greatly resembles iron, only that

it rusts still more easily than the latter, thereby becoming coated with

a black-brown oxygen compound. In the metallic state it is not much
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used. Its compound with oxygen, pyrolusite, however, which is

employed for the production of a colour for pottery, has a varied and

important application in the arts.

Cobalt is, even in moist air, much more resistant than iron and

manganese, but finds little application as a metal. Its most remark-
able property is that its oxygen compound dissolves in glass with a

dark-blue colour. It finds application, therefore, for the production
of a blue colour, cobalt blue or smalt, and also for the colouring of

glass and pottery.
Nickel is still less changeable in the air than cobalt and is, there-

fore, used for making articles intended to resist heat and moisture.

Objects made of other metals are also, with the help of the electric

current, plated with nickel
;

these nickel-plated articles preserve the

silver-like lustre of that metal, since nickel is also fairly hard and
tenacious. In this fact lies the importance of this element as regards
its applications. Nickel compounds are of no great importance.

Nickel mixed with copper and zinc forms German silver.

Chromium is a metal very similar to iron, only harder and more

brittle, which remains quite unchanged in the air, but is easily attacked

by a number of liquids. The pure metal has no application ; addition

of chromium to steel improves the steel.

In nature it occurs chiefly in the form of an oxygen compound
which also contains iron, and is called chrome ironstone.

It forms various compounds, of which chromic acid and potassium
chromate have a varied application in the arts. The artists' colours

also, chrome yellow and chrome red, are derivatives of chromic

acid.

Allied to chromium in their chemical relations are several metallic

elements of rare occurrence and possessing no great importance ;
it

will be sufficient at this point to give their names. They are molyb-

denum, tungsten, uranium.

The two metals zinc and cadmium are, in many respects, related

to the metals of the iron group, but show, on the other hand, a certain

similarity to magnesium.
Zinc is a well-known grey-white metal, rather more resistant to

the air than iron, but inferior to this in difficult fusibility and mechanical

tenacity. As it can be readily rolled to sheets and soldered, it is applied
for all purposes for which a not very tough metal, but one which is

fairly resistant to water, can be used in sheet form.

In nature zinc occurs only in the form of compounds, of which

that with sulphur, called zinc blende, is the most important.

Cadmium is a metal which is very similar to zinc, only softer and

more easily fusible, and which occurs in small amount along with zinc

in its naturally occurring compounds or ores. The artists' colour

cadmium yellow or, shortly, cadmium, is the sulphur compound of the

metal.
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J. METALS OF THE COPPER GROUP

The metals here grouped together are distinguished from the

preceding ones by a greater resistance to the chemical influences of

air and water. This is, certainly, no perfectly universal characteristic,

for while some of the members of this group belong to the noble metals

which under ordinary circumstances do not change at all, others

become more or less quickly coated in moist air with layers of oxygen

compounds which destroy their metallic lustre. The action is, how-

ever, usually restricted to the surface, so that, after all, a fairly

great durability with respect to the destructive chemical influences

is present.
Connected directly with this property is the fact that these metals

can be more readily obtained from their naturally occurring compounds
or ores than those previously mentioned, and also that they are often

found in the free state. In this and the next group, therefore, the

metals first met with in the history of the arts are found, and the metal

mentioned in the oldest literary monuments, and usually rendered in

English by
"
bronze," is a mixture, the chief constituent of which is

copper, the typical element of this group.

Copper is a metal which has been long known, and the rose-red

colour of which is found in no other metal. The true colour of copper
is seen only on fresh surfaces, since it quickly tarnishes in the air, and

becomes covered with a coating of oxygen and sulphur compounds,
which, however, is very thin and attains to no great thickness even

after many years.

Copper is an excellent conductor of electricity and is therefore

used for all kinds of electric conductors. Its chemical resistibility,

combined with its toughness and high melting point, give it a wider

technical applicability.
In nature metallic copper is not of rare occurrence

;
of much more

frequent occurrence, however, are its compounds with sulphur and

oxygen.
Of the better-known compounds of copper, copper vitriol, a blue,

crystalline salt, may be mentioned.

Lead is a grey, soft metal of high density and low melting point.

Its fresh surfaces exhibit a high metallic lustre
;

it tarnishes, however,

very readily through taking up oxygen from the air. The coating
remains thin, and the lead, therefore, resists further destruction for a

very long time. It shows a similar behaviour with respect to many
other attacks, so that it is indispensable in chemical manufactories in

which corrosive substances are prepared.
On account of its great softness pure lead is not much used. By

alloying it with other metals it can be made harder, without its losing

its chemical resistibility. It is also used for coating other metals,

especially iron.
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In. nature lead occurs chiefly in the form of a sulphur compound,
which is called galena, and is the most important lead ore.

Lead compounds are largely used in the arts. Litharge is an oxygen
compound ; sugar of lead a compound with acetic acid.

The lead compounds act on living organisms as cumulative poisons,
i.e. the effects of small amounts, which singly are not appreciable, are

added and ultimately produce very serious symptoms.
Closely related to lead in many respects is the rare metal thallium,

which, in other respects, is allied to the alkali metals.

Mercury is a metal, liquid at ordinary temperatures, which solidifies

at -39 C. and boils at +357 C. It belongs to the noble metals,

since it preserves its bright surface in moist air, i.e. it does not combine

with the oxygen. At a higher temperature, however, combination

takes place. Its alloys are called amalgams.

Being the only metal which is liquid at ordinary temperatures, it

is widely employed for physical apparatus such as thermometers and

barometers, and for other purposes in technical science. Its utility is

greatly enhanced by its unchangeableness in air
;

its high density,

also, is useful for some purposes.
In nature it occurs in the free state, but chiefly as a sulphur com-

pound. This is called cinnabar
;

the artists' colour of the same

name 1
is specially pure sulphide of mercury, which is usually prepared

artificially.

The soluble mercury compounds act as powerful poisons ; they
have a wide application in medicine.

Silver is a white metal which is not affected by oxygen. The

brownish stain which silver objects sometimes exhibit is due to the

formation of a sulphur compound through the action of air containing

sulphur, or of other sulphurous substances.

On account of its comparatively rare occurrence, silver belongs to

the more precious metals
;
on this and on its unchangeableness in air

depends its widespread employment as a metal for coinage.

In nature silver occurs partly in the metallic state and partly as

compounds with sulphur and arsenic.

Silver compounds are largely applied in photography, since many
of them have the property of altering in light, and may, therefore, be

used for the production of photographs. For this purpose, the com-

pounds with the halogens, chlorine, bromine, and iodine are chiefly

used.

Silver compounds are poisons for the organism. Lunar caustic is a

soluble salt, the cauterising action of which is made use of in medicine.

The turning black of the parts treated with caustic depends on the

alteration in light of the silver compounds produced. In the labora-

tory the solution is used as a reagent for the halogens.

1 The pigment is also called vermilion in English. Tr.
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K. THE OTHER METALS

The somewhat unsystematic classing together into one group of

the metals not treated in the preceding groups, is, for the purpose of

a first general view, justified by the fact that the number of more

important and better-known metals which have to be considered here

is not large. A more detailed classification depending on the chemical

relations will be given towards the end of the work.

These last metals fall into two natural sub-groups, the one of which

comprises the base metals, i.e. metals which undergo chemical change
in air, the other, the noble metals. To the former belong antimony,
bismuth, and tin, and to the latter gold, platinum, and the allied metals.

To the former sub-group several other metals must also be added,

which, on account of their rarity and small importance, do not call

for a description at this point, but which we shall mention for the sake

of completeness.

Antimony is a white, brittle metal, which melts at a red heat and
remains practically unchanged in air. When heated, it burns fairly

readily, forming an oxygen compound which is yellow when hot, white

when cold.

In nature it occurs chiefly in the form of a sulphur compound
which is of a grey colour, has a metallic lustre, and is known as antimony
glance.

Pure metallic antimony is not applied technically. Mixed with

lead, it gives hard lead (p. 100) and type metal.

Various antimony compounds are used in medicine on account of

their emetic action. The best known is tartar emetic, a salt of complex
composition.

By reason of its general chemical relations, antimony should have
been classed along with arsenic, to which it is in many respects closely
related. The metallic nature, however, is so pronounced in the case

of antimony and of bismuth, which is similar to antimony, that it

appeared more suitable to group both together at this point.
Bismuth is a white, slightly reddish-coloured, brittle metal, which,

like antimony, remains lustrous under ordinary conditions, and com-
bines with the oxygen of the air only at comparatively high tempera-
tures. It is fairly readily fusible.

In nature bismuth occurs in the metallic state
;

it is also found in

union with sulphur.
Bismuth finds application in the form of various metallic mixtures

or alloys ; some of its compounds are also used for medicinal

purposes.
Several rare metals, which can only be named here, have to be

classed along with antimony and bismuth. These are vanadium,

niobium, tantalum. The somewhat more distantly related metals

gallium and indium may also be mentioned here.
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Tin is a metal known from ancient times. It has a white colour, a

fairly high degree of stability to water and air, and is readily fusible.

It is found in nature almost entirely in the form of an oxygen
compound, tinstone, from which it can be readily obtained by fusion

with charcoal. The ease with which it is obtained explains why it

became known so early.

Tin is applied in the metallic state to the manufacture of utensils,

tubes, etc., where its unalterability, especially in moisture, is essential.

Other metals, such as iron and copper, are coated with tin to protect
them from the formation of their oxygen compounds. In the former

case it is done for the sake of durability, in the latter, to prevent the

formation of poisonous compounds (for example, in kitchen utensils).

Tin is also used for many alloys ;
it is employed, mixed with

mercury as tin amalgam, for coating mirrors.

Compounds of tin are chiefly used in dye-works and in chemical

industries.

Allied to tin are several rather rare metals, which we shall mention

here. They are titanium, germanium, zirconium, thorium. The
oxide of the last forms the chief constituent of incandescent mantles.

Gold is a yellow, heavy metal, which does not alter in air, either

when cold or when heated, and remains stable, also, to other chemical

influences. It is re-obtained from its compounds by simply heating

these, provided that the other constituents can volatilise. It may,
therefore, be regarded as the type of the noble metals, i.e. metals not

inclined to form chemical compounds.
Gold, accordingly, occurs in nature almost entirely in the metallic

state, sometimes mixed or alloyedwith other noble metals, especially silver.

The use of gold for ornaments and coinage is known. On account

of its scarce occurrence it has a high value
;

on account of its un-

alterability it is suitable for money tokens.

Compounds of gold are obtained most readily by the aid of chlorine.

They have no extended application.
Platinum is a grey, very difficultly fusible metal, which is similar

to gold with respect to its combining power. It is used, therefore, in

making chemical apparatus which have to resist high temperature and

strong chemical influences. This property is made use of not only in

the laboratory but also in the industries.

In nature it occurs in the metallic state mixed with other metals

which have similar properties. Since these, however, are still rarer

than platinum, their application is exceptional. They are called

ruthenium, rhodium, palladium, osmium, and iridium.

L. THE EADIO-ACTIVE ELEMENTS

For a period of about a decade a number of elements have been

known the properties of which, in one respect, differ completely from
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those of all the other elements. Two of these, it is true, were known
for a long time, but in their case the properties in question were so

feebly developed that they had been unobserved. Meanwhile, however,
a large number of other elements have been discovered in which the

peculiar properties are strongly marked.

The essential nature of these peculiarities is that the elements in

question do not, as the others do, behave as substances in equilibrium.
On the contrary, they undergo a continuous transformation, which is

very different from the processes with which we are familiar in the case

of other substances. For these transformations occur without the

interposition of any other energy or substance and with a velocity
which is quite independent of external conditions. During these trans-

formations comparatively enormous amounts of energy are developed,
which betrays itself in an action on a photographic plate, by rendering
the air a conductor for electricity and by a number of special chemical

transformations.

Through this behaviour these substances offer a marked contrast

to what is valid in the other branches of chemistry. At no very distant

time, therefore, it will become necessary to effect a corresponding change,

by way of restriction, in the concepts of an element, of equilibrium, etc.

For the present, however, we shall adhere to the usual method of

representation since it takes account of by far the greater part of the

known chemical relationships, and we shall treat the radio-active sub-

stances as peculiar or exceptional. When all the relationships have

been investigated more fully, it will then be possible to bring these

groups of substance into relation with the general body of chemical

substances, and to give a harmonious representation of the whole.

For the rest it may be remarked that the elements of this group

may belong to all the special groups between which distinctions have

already been drawn.

83. Historical. The conception of an element is found as far back

as Greek philosophy, although in an essentially different form and not

in agreement with the facts. The most widespread view was that

of Aristotle of the four elements fire, air, water, and earth. The

conception of these elements was not that all substances consist of

them, but rather that these were the representatives of the fundamental

properties, which he had chosen as being moisture, dryness, heat, and
cold.

During the slow development of chemical knowledge in the middle

ages it was seen that these properties had been very unsuitably chosen,
and that there were other properties which were much more closely
connected with the general behaviour of substances. Representatives
of these properties were therefore looked for. Thus, the metallic

properties were symbolised by mercury, combustibility by sulphur,

solubility in water and the power of acting on the organ of taste by
salt, and, lastly, stability to the action of water and fire by earth

;
these
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four substances were accordingly regarded as the elements. The
formation of this conception also is based on the view that the properties
of indifferent

"
matter

"
represented by these elements could be, by

suitable actions, withdrawn or communicated at will. The endeavour

artificially to bestow the properties of the most valuable of all metals,

gold, on metals of less value, and thus to make gold, was, accordingly,

closely connected with these theoretical views.

Just as the negative results of all attempts to construct a perpetuum
mobile led to the positive law of the conservation of energy, the negative
results of the attempts to make gold have led to the positive law that

the elements can be prepared only from their compounds, and never from
other elements or their compounds, where the element in question is

excluded. In other words, there also holds a law of conservation of the

elements, to the effect that, by means of any chemical process carried

out with definite amounts of definite elements, only these elements,
in the original amount (or compounds of them in corresponding amount),
can be re-obtained, but never other elements (p. 88).

This law was not recognised at one definite time by one particular

investigator, but has gradually been obtained as the result of general

experience. It has arisen in connection with the development of the

conception of an element as a ponderable constituent of substances (in

the sense set forth on p. 88). Whereas the elements of antiquity and
the middle ages were, essentially, the bearers of certain properties,
the elements of the present day are the ultimate constituents in chemical

analysis. Substantial work towards the carrying through of this

conception was done by Jungius (ca. 1640) and by Robert Boyle (ca.

1660).

The work of characterising and of distinguishing between the

different elements has been performed chiefly in the eighteenth and

nineteenth 'centuries. At the beginning of the latter especially, the

English scientist Humphry Davy discovered the light metals, .the oxides

of which had formerly been regarded as elements from the fact that

it was not known how to decompose them, and established the ele-

mentary nature of the halogens.
A very productive method for the discovery of new elements was

found about the middle of the nineteenth century by the German
chemist Robert Bunsen, who showed how the elements present could

be recognised by the rays emitted by the glowing vapours of different

substances. He himself immediately discovered, in this manner, two

new elements, and since then almost all further discoveries in this

department have been made by the aid of the method of
"
spectrum

analysis."
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OXYGEN

84. General. With this* chapter we commence the more detailed

study of the separate elements and of their compounds with one

another. In general, the arrangement will be such that in the case

of each element its compounds with the elements previously discussed

will be treated.

Along with the description of the nature of the substances the

general laws of chemistry will be treated, and this will be done in

such a way that each law will be discussed at the point where it first

finds application. The attempt has been made to so arrange the

whole subject-matter that both these tasks shall be performed without

the one or the other thereby suffering.

In this treatment, also, laws and relations are considered which
are usually discussed in physics. The reason of this is that a know-

ledge of these laws is of the greatest importance for the correct inter-

pretation of chemical phenomena, and these things must, therefore, be

given in such a form that the chemist can directly apply them.

85. Oxygen. The discussions relating to the phenomena of com-
bustion had led to a preliminary knowledge of oxygen as being an element

playing an essential part in these phenomena (p. 82). The substance

itself was characterised only so far as was necessary for the immediate

purpose. We have now the further task of developing the general

knowledge of this substance beyond that single relation.

86. Production from Potassium Chlorate. The preparation
of oxygen from oxide of mercury was, as we saw, a process which

required a fairly high temperature, and at the same time took place

slowly. It is therefore desirable, if one would become more closely

acquainted with the properties of oxygen, to possess a more pro-
ductive source of it. It is true that in the air there are enormous

quantities of oxygen present ;
it is, however, not easy to free it from

the other substances with which it is mixed.

In the substance known as potassium chlorate or chlorate of potash,
which is used as a medicament and for the preparation of fireworks,

106
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inflammable material, and many other things, we have the sought-for
source of pure oxygen.

By the same means by which we obtained it from oxide of mercury,
viz. by heating, oxygen may also be obtained from potassium chlorate,

and this in a much larger proportion and at a lower temperature. The
evolution of oxygen takes place with especial readiness when the potas-
sium chlorate is mixed with certain other substances

;
for this purpose

the already-mentioned mineral pyrolusite (p. 99) is very effective.

This substance undergoes no change in the reaction. 1 The reason for

its action will be given at a later point (Chap. XXIII.).

If, now, a mixture of potassium chlorate with one-fourth of its

weight of pyrolusite be heated in a thin glass flask furnished with a

FIG. 27.

delivery-tube, we soon observe the evolution of a gas, and this occurs

so rapidly that the flame must be removed from time to time in order

that the flask may not be burst by the pressure of the too rapidly

evolved gas. The gas is collected as before in bottles (Fig. 27).

87. Identification of Oxygen. We must, first of all, convince

ourselves that it is really with oxygen we are dealing. For this purpose

we recall the fact that we had identified oxygen by the bursting into

flame of a glowing chip of wood which we brought into contact with the

gas. We repeat the experiment with the gas obtained from potassium

chlorate and observe the same phenomenon. A glowing wood-chip is

a reagent for oxygen, and the reaction consists in its bursting into flame.

88. Explanation of the Oxygen Reaction. Since the com-

1
Pyrolusite, certainly, evolves oxygen on being heated, but not at the temperature

at which potassium chlorate is decomposed.
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bustion of wood in air takes place at the cost of the oxygen therein

contained, the question must be asked why the phenomenon has such

an essentially different aspect in pure oxygen from that in air. The
answer is as follows :

When the wood burns a certain amount of heat is produced, which

serves to heat the gaseous products of combustion, and the higher the

temperature thereby rises the brighter will be the light emitted and the

more rapid will be the combustion. When, now, the combustion takes

place in air, not only must the products of combustion be raised in

temperature by the heat produced, but also the nitrogen which is con-

tained along with the oxygen, in four times its amount in the air. On
account of the much greater amount of substance to be heated, and the

access of a much smaller amount of oxygen, the temperature does not

rise so high in the case of combustions in air as in pure oxygen, and,

therefore, the phenomena of combustion are much less energetic.
This result of our consideration, obtained deductively (p. 84), can

be tested by mixing pure oxygen with other gases which neither burn
nor support combustion

;
as a matter of fact, the vigorousness of the

combustion becomes less in such a mixture, and if the proportion
of oxygen in it is very small, no combustion at all can be brought
about in it.

89. Combustion of other Substances. It follows from the ex-

planation just given that other substances also, which burn in air, will

exhibit the phenomena of combustion much more vigorously in oxygen.
And still further, one must expect that substances can exist which

cannot be made to burn vigorously in air, because the requisite tempera-
ture is not reached, but which can burn vigorously in oxygen. Experi-
ence confirms both conclusions.

The first phenomenon is seen in the case of sulphur and phosphorus.

Sulphur burns in air with a pale blue flame, scarcely visible in daylight.

If, however, the burning sulphur be introduced on a long-stemmed iron

spoon into a bottle of oxygen, it flares up vigorously and rapidly burns

with a bright blue flame.

The difference is seen still more clearly with phosphorus. A piece
of phosphorus placed in a similar spoon and ignited burns in the air

with a yellowish-white flame, similar to that of a candle. If the spoon
be lowered into oxygen, the bottle forthwith becomes filled with a sun-

bright light.

90. Combustion of Iron. A substance which cannot be easily

made to burn in air is iron. When a piece of iron, a watch-spring for

example, is heated in air, it certainly combines with the oxygen, and
the compound produced coats the iron as a grey, brittle mass which

breaks off on bending the iron. It does not, however, continue burning,
and it is only when small particles of iron are scattered in the flame that

they can be heated so as to burn entirely (p. 78).

The combustion of iron in oxygen, however, takes place much more
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readily. A thin steel watch-spring, to the end of which is attached a

piece of touch-wood or tinder can be burned in oxygen like wood.
First, the glowing tinder bursts into a vigorous flame, whereby the end
of the watch-spring becomes white-hot

; then the iron begins to burn
with scintillations, and the product of combustion falls down from time
to time in the form of a white-hot slag. To prevent this cracking the

glass it is well to fill the bottle one-third full of water.

91. Oxides. Almost all the chemical elements are capable of

entering into combination with oxygen, and of forming new substances
with corresponding increase of weight. From the Greek name for

oxygen, oxygenion, its compounds with other elements (and also with
some compound substances) are called oxides. Thus, oxide of mercury
is, as we have already learned, a compound of mercury with oxygen.
In nature oxygen and its compounds have a very large distribution.

From its occurrence in atmospheric air, which surrounds the whole
surface of our earth and penetrates into all its interstices, it follows

that those substances which can form compounds with oxygen at the

ordinary temperature must have done so to a large extent in the course

of the centuries. This is one of the causes of the wide distribution, of

oxygen compounds in nature.

92. The Existence of Combustible Substances. Combustible

substances, i.e. substances capable of combining with oxygen, are,

nevertheless, present in large amount in nature in the unburnt condi-

tion, and the question arises why these have not been burnt up long

ago. Thus a piece of charcoal or of sulphur can lie exposed to the air

for years, or indeed for centuries, without apparently undergoing com-
bustion. That this may take place the sulphur must be ignited, and
we have to ask what new factor is thereby introduced.

Igniting consists in heating one spot of the combustible body to a

comparatively high temperature (somewhere about 500 to 600). It

is quite indifferent in what manner the heating is effected
;
the tempera-

ture and contact with oxygen are alone of importance. The heated

part then begins to burn. An amount of heat is thereby set free by
which the adjacent parts of the combustible substance, in their turn, are

heated. Combustion passes over to these parts, and so the process

goes on till all is burned.

The only respect in which the portions undergoing combustion are

distinguished from those which are not burning is in their temperature.

It seems as if most substances had the power of combining with oxygen

only at comparatively high temperatures. This view would, however,

not be quite a correct one. On making the appropriate investigation, no

temperature can be found at which combustion just begins, and such

that below this point no combustion takes place at all. On the contrary,

we are dealing here with a gradual transition.

Combustible substances, therefore, combine with oxygen at all

temperatures, but with very different velocities. The higher the tempera-
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ture, the more rapid is the combination
;
on the other hand, as the

temperature falls, the process becomes slower and soon diminishes so

as to be inappreciable.
93. Slow Combustion. A body can, accordingly, begin to

combine with oxygen at certain medium temperatures without taking
fire. Ignition occurs only when the heat developed in the combustion
raises the adjacent portions of the body to such a high temperature that

these also burn with sufficient rapidity. The temperature which
these adjacent parts attain, depends, on the one hand, on the amount
of heat conveyed to them by the combustion, and, on the other hand,
on the amount of heat which they lose by conduction and radiation.

Not until the former exceeds the latter to such an extent that the

temperature of rapid combination is attained can this rapid combustion
take place. From this it follows that ignition, or the initiation of an

independent combustion, depends quite as much on the form and
distribution of the substances as on their nature, as our everyday
experience with regard to the ignition of combustible substances

teaches us.

94. Influence of Temperature on the Velocity. The law that

the velocity of chemical processes, i.e. the ratio of the amount trans-

formed to the time required, .rapidly increases with rising temperature,
is quite universal, and is valid for chemical processes of all kinds. We
have, further, no ground for supposing that any chemical process which
takes place at a higher temperature cannot take place at a lower. If

we do not note any transformation, it may be because it takes place
too slowly for our observation.

The stock of coal in the cellar burns while it is stored in the cellar

just as when it is in the fire
; only, in the former case, with so great

slowness that we can detect no difference even after several years. If

large quantities of coal, however, are stored under such conditions

that the dissipation of the heat developed in the slow combustion is

prevented, the temperature rises, the process is accelerated, and can
become so rapid that it passes into vigorous combustion. This pheno-
menon is called the spontaneous ignition of coal.

95. Physical Properties of Oxygen. To determine the density
of oxygen, one must determine the weight of a given amount and the

volume occupied by it (p. 35). The latter can easily be done in a glass
tube graduated in cubic centimetres. The weight is less easy to deter-

mine, as oxygen is very light, and the determination of its weight in

the large vessels which are necessary causes difficulties. We adopt,
therefore, an indirect method.

Potassium chlorate, as we know, evolves oxygen on being heated.

In the vessel a white substance remains behind, a further substance is

not produced. If, therefore, the weight of the potassium chlorate taken

for the experiment be determined, and afterwards the weight of the

residue, the difference is equal to the weight of the oxygen evolved.
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If this is collected in a suitable measuring-vessel (Fig. 28) its volume
can be read off and its density calculated by the formula d = m/v. If the

experiment is performed with 1 gm. of potassium chlorate, it is found

that after complete decomposition, the oxygen evolved, on cooling down
to room temperature, occupies in round numbers 290 c.c. The loss of

weight of the potassium chlorate amounts to O392 gm., and the density
0*392

of oxygen is therefore - = 0-00135.

96. Normal Temperature and Normal Pressure. This result

is, however, not yet defined with sufficient exactness. The volume

occupied by a gas depends in large measure on the pressure and

FIG. 28.

temperature; and,values for the density, varying within wide limits, will,

therefore, be obtained when the determination is performed under

different conditions. An agreement has, therefore, been come to with

regard to a normal temperature and a normal pressure, at which the

densities of gases shall be determined. As normal temperature the

melting point of ice is taken ;
on the centigrade thermometers this

point is marked O .
1

As normal pressure there has been adopted the mean atmospheric

pressure, which is taken as equal to the pressure of a column of

mercury 76 cm. high.

Since, however, the density of mercury is also dependent on the

1 In Great Britain, for the purposes of daily life, thermometers with the Fahrenheit

scale are used. On this scale the melting point of ice is marked 32 . One degree

the Fahrenheit scale is equal to |ths of a degree on the centigrade scale. lr.
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temperature, we must add that the temperature of the mercury shall

be C. The density of mercury is then equal to 13-595
;

1 c.c. weighs,
therefore, 13-595 gm., and a column of 1 sq. cm. section and 76 cm.

high weighs 76 x 13-595 = 1033-2 gm.
The pressure of one atmosphere is therefore equal in effect to a

weight of 1033 gm., or rather more than 1 kilogm., on an area of 1

sq. cm.1

97. Boyle's Law. The volume occupied by oxygen gas cannot

always be determined at C. and under atmospheric pressure, and
the determination made under other

conditions must be appropriately re-

duced. For this purpose, a knowledge
of the behaviour of oxygen to changes
of pressure and temperature is neces-

sary.
A knowledge of the first is obtained

by means of the apparatus shown in

Fig. 29. The oxygen is contained in

a graduated tube, the lower end of

which passes into an indiarubber tube ;

to the other end of this a movable
vessel is attached. Part of the

measuring tube, the indiarubber tube,
and the vessel are filled with mercury.
The pressure under which the oxygen
stands can be altered by raising and

lowering the vessel. The volume oc-

cupied by the oxygen can be read off

on the graduated tube. The pressure
in cm. of mercury is the sum of the

external atmospheric pressure (height
of the barometer) and the difference of level of the two surfaces of

mercury. This difference of level is to be reckoned with negative sign
when the outer mercury surface stands lower than that which bounds
the oxygen. A number of corresponding values of volume and pressure
are in this way determined.

By means of such measurements, which have been carried out by
various physicists with great care, it has been found that a very simple

1 Since the weight of a given mass varies somewhat with the locality, the unit of

pressure defined above is also subject to the same variation. In cases of greater exact-

ness it is assumed that the weight determination is made at sea-level and in the latitude

of 45, or, that the determination, when made elsewhere, is recalculated to these con-

ditions.

The adoption of absolute units is still better. Since the force with which 1 gram acts

in consequence of gravitation, is, at sea-level and in latitude 45, equal to 980 '53

absolute units (p. 30), it follows that the pressure of the atmosphere is eqiial to-

980'53 x 1033*2 = 1,013,084, or very nearly 106 absolute units. A column of mercury 75

(instead of 76) cm. high would give, almost exactly, 106 absolute units of pressure.

Fio.
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relation exists between pressure and volume. Denoting any two

pressures by p1 and p2 ,
and the corresponding volumes of oxygen by

v
1
and vz ,

the formula holds, p : p2
= v2 : v

)
orp^ = p2v2 . The pressures

are therefore inversely proportional to the volumes, or the products of
all corresponding values of pressure and volume are equal.

The lawfound here for oxygen gas is not peculiar to this substance, but

holds equally for all other gases. It was discovered in 1660 by Boyle,
and is called after him.

98. The Law of Gay-Lussac and Dalton. Pressure is not the

only circumstance which influences the volume of a gas. The volume

changes also with the temperature, increasing and diminishing in the

same sense as the temperature rises and falls. To determine the

amount of this change it is necessary to choose another fixed

temperature besides that of melting ice. The temperature
of boiling water, and, since this changes with the pressure,
the temperature of water boiling under a pressure of one

atmosphere (
= 76 cm. mercury) serves as such a temperature.

To determine the change of volume between these two

temperatures, we use the same apparatus as was employed
in demonstrating Boyle's law (Fig. 30). The graduated tube

containing the oxygen is surrounded by a glass mantle in

which are placed water and pieces of ice. The oxygen soon

assumes the temperature of melting ice, and, after the outer

vessel has been so placed that the two mercury surfaces stand

at an equal height, the volume occupied by the oxygen' at

C. and under the then existing atmospheric pressure, can

be read off.

The ice is then removed, and in its place steam is passed

through the mantle. The volume of the oxygen increases,

and, having again brought the two mercury surfaces to the FlG 30

same height, we can read off the volume which the oxygen

occupies under the same pressure as before, and at the temperature of

boiling water. Exact measurements of the amount of change show that

the volume has increased in the proportion 1 : 1-367.

This relation has also proved to be a universal law valid for all gases.

The number obtained is, therefore, the expression not of a special

property of oxygen but of a universal property of the gaseous state. The
law that all gases expand by the same amount between corresponding

temperatures was discovered simultaneously by Dalton and Gay-
Lussac in the year 1801 ;

it is generally called after the latter. In

symbols, the law can be formulated thus :

V
t
= (l+at)v ,

where vt
is the volume at the temperature t, v that at the melting point

of ice, and a the hundredth part of the expansion between the melting
I
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point of ice (0 C.) and the boiling point of water (100 C.). In numbers,
a = 0-00367 or 1/273.

This formula gives the expansion starting from the temperature of

melting ice. To obtain the expansion between any two temperatures
t and t', the above formula is applied to both temperatures, and v

eliminated from the two equations. There is obtained

1+o.t 1 + a*'

From this it is seen that the volume observed at temperature t is

reduced to the volume at normal temperature, C., by dividing it by
the quantity 1 + at.

It must be specially emphasised that the quantity a is the hundredth

part of the expansion of unit volume between the melting point of ice

and the boiling point of water, and not, let us say, between any one

temperature and another 100 C. higher. As can easily be seen, the

value of a, the coefficient of expansion of gases, would be dependent on

the choice of the initial temperature.
99. The Temperature Scale. Since the expansion by heat has

the same value for all gases, independently of their nature, the change
of volume of gases is used for temperature divisions. The temperature
of melting ice is called zero, and that of water boiling under atmospheric

pressure 100. This range of temperature is divided into a hundred

parts or degrees, which are assumed proportional to the change of volume.

To distinguish this graduation from others which are also used, it is

called the centigrade or the Celsius scale, and is denoted by C.

Let, then, the volume of a given quantity of oxygen or of another

gas contained in a tube be denoted by C. (Fig. 31), the volume at

the boiling point of water will be defined by the point marked 100 C.,

and the volumes oe and os will be to one another as 1 : 1-367. The

length es is divided into one hundred parts, and each of these parts
denotes 1 C. Such a tube, in which the gas is enclosed by means of an

easy-moving piston, and which is graduated in the manner just described,

could evidently be used as a thermometer or measurer of temperature.
100. The Absolute Zero. The temperatures, however, which are

met with are not confined to the range between the melting point of

ice and the boiling point of water. Beyond the latter, we can, evidently,

extend our thermometers indefinitely, for there is- no evidence of a limit

for higher temperatures.
Towards the other side, however, our thermometer is limited, for

we can subtract only a definite number of degrees before reaching the

zero point of volume. This number can be calculated as follows. If

we take the volume oe=l,.the volume es = 0-367
;

one degree is the

hundredth part of this
;

its volume, therefore, amounts to 0-00367, and

we can subtract, in the direction of o, only as many degrees as the

number of times this fraction is contained in the unit. Now, 1/0-00367
=
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273
;

if we could lower the temperature 273 below the melting point,
the oxygen or any other gas must occupy the volume zero.

Apart from the fact that all gases liquefy before this condition is

reached, such a low temperature has, as a matter of fact, never been

produced ;
the lowest point which has been reached lies at 270 below

the melting point of ice, and the increasing difficulties of descending
lower make it quite improbable that the point 273 will ever be

reached. This point is called the absolute zero.

101. The Absolute Temperature. The designation of the tem-

perature of melting ice by C. results in the temperatures below this

having negative values. This is not only arbitrary, but, in a certain

sense, inconsistent, since different temperatures never

have the relation to one another of positive and

negative magnitudes in the mathematical sense. In

science, therefore, another method of reckoning the

temperature has come into use. As zero there is

taken the unattainable temperature 273 C. below

the melting point of ice, and the temperature is

counted from that point upwards, with the same

degree divisions as in the centigrade scale.

Besides the gain of entirely avoiding negative

temperature numbers, there is the further advantage
that with this method of reckoning, the law of

expansion of gases assumes an especially simple form
;

the volume becomes simply proportional to the tempera-
ture. If the volume oe of our gas thermometer

(Fig. 31) is divided into 273 parts, and if this

graduation is continued upwards to any extent, the

volume measured in these units gives directly the

numerical value of the temperature. The tempera-
ture measured in this manner is called the absolute

temperature, in contradistinction to the centigrade

temperature reckoned from the melting point of ice.

The relation between the two scales is very simple,
for the absolute degrees amount to 273 units more

than the centigrade degrees. If the former are de-

noted by T and the latter by t, we have the relation

T = 273 + t,

where, of course, negative centigrade temperatures must be reckoned

with their sign, i.e. must be subtracted from 273.

To distinguish the numerical values of the absolute from the centi-

grade temperatures, the former are designated by the letter A ; thus,

n A = (w-273)C.
102. Simultaneous Validity of the Gas Laws. In the previous

discussions some assumptions have been tacitly made which shall now

cC

FIG. 31.
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receive expression. Since the volume of a gas is influenced both by
the temperature and the pressure, it must, of course, be assumed that

the laws stated for the influence of these factors separately, viz. Boyle's
law and Gay-Lussac's law, are valid only for the case that the other

variable is kept constant. In other words, Boyle's law holds only when
the temperature is constant, and Gay-Lussac's law only wThen the

pressure is constant
;

the former, however, is valid at any constant

temperature, and the latter at any constant pressure.
We will first answer the question, How great is the increase of

pressure of a gas when we warm it without increasing its volume. Let

us start from C. and the pressure p ,
under which conditions let the

gas occupy the volume v
,
and warm it at constant pressure to t

;
the

volume will then be, according to Gay-Lussac's law, v
t
= v (l + at). To

again obtain the former volume v
,
we must increase the pressure.

The necessary value pt is got from Boyle's law
;

since the pressures
and volumes which go together are v

t
and p ,

or v and p t ,
we have

V pt
= v tp . Eliminating, by means of this, v (or v

( )
from the former

equation, there follows
pt =p (l + at).

That is, the increase of pressure caused by change of temperature at

constant volume takes place in the same proportion as the change
of volume under constant pressure. Or, the coefficient of expansion of

gases is equal to their coefficient of increase of pressure.

103. The General Gas Law. In the case where the pressure and

temperature are changed simultaneously, we arrive at the result by
the following line of argument. When the temperature is the same,
we have the relation Pivl =p2v2 (p. 113). If the temperature is changed

there holds, when the pressure is constant, 1
= 2

(p. 114), and
1 + atj 1 + a 2

when the volume is constant, =-^-= =
7- (vide supra). It is there-

1 + atj 1 + aC2

fore a matter of indifference whether the influence of temperature be

taken into account along with the pressure or with the volume
;

it is

represented by the same formula in both cases. Accordingly, if pressure,

temperature, and volume are simultaneously changed, there holds,

universally, the equation

.

1 + ati 1 + at2

'

From this we obtain the formula for the reduction of the volume

of a gas observed at any temperature t and under any pressure p, to

the volume v which the gas would occupy at the temperature t-
= Q C.

and under the pressure p = 76 cm. mercury. For, since in accordance

with the given formula, there must also hold the relation

_P>_ p v

l + at 1 + at
'
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there follows, on setting t = 0,

pv
V ^ -

a formula which is of frequent application.
The fact has still to be referred to that, according to the general

formula, the quantity
~ has always the same value for a given
1 + at

quantity of a gas, whatever the pressure, temperature, and volume of the

f)V

gas may be. This relation is expressed by the formula -*- = const.
1 + at

Of the three magnitudes p, v, t, therefore, only two can be taken as

independent ;
when these are chosen the third is fixed.

By introducing the absolute temperature, the complete gas law

becomes still clearer. From the equation ,
1 = ,

2
or

1 + at],
1 + at2

+~ l
,
there is obtained, when we make

1
= T1 -273, and 2

= T2 -273,
1 + at%

since a = 1/273,
= or = The expression remains

P2V2 ^2 J-l -1-2

constant, therefore, for all possible values which the temperature,

pressure, and volume of a given quantity of a gas can assume. Denoting
this constant, which is proportional to the quantity of the gas, by r, the

general gas law reads.

pv
-^

= r 01 pv = rL.

104. The Number of Variables. Degrees of Freedom. Lastly,

we shall refer to still one point which, it is true, appears very
"

self-

evident," which we shall, however, find later to be of great importance.

The gas law contains three variable magnitudes pressure, volume, and

temperature. Of these, however, only two can be arbitrarily fixed
;

if

values have been chosen for these, the equation can be satisfied only

when the third assumes a quite definite value, which is obtained by

substituting the two values in the equation, pv = rT. The importance

of the gas law, indeed, lies just in the fact that it allows of calculating

the third value from the other two. It is indifferent which two of the

three variables are chosen as the magnitudes to be arbitrarily fixed.

This relation is expressed by saying, the gaseous state has two degrees

offreedom.
For understanding the behaviour of different systems, a knowledge

of their degrees of freedom is a matter of fundamental importance, and

this is true not only for the physical, but also for the chemical behaviour.

Much use will, therefore, be made later of the conception of the degrees

offreedom of a system.
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105. Geometrical Representation of the Gas Laws. It will be

recalled that in Mathematics the fact of the mutual dependence of

two variable magnitudes, of such a kind that, one of them being given
the other must assume a definite value, was expressed by saying that

the one is a function of the other. In Boyle's law

where p is the pressure, v the volume of a gas, and C a constant, p is

a function of v. Conversely, v is a function of p, for this relation is,

necessarily, always mutual.

As can be seen from this example, the content of a quantitative
law of nature can be expressed by saying that it represents two (or

several) measurable properties of a system as functions of one another.

When the function is given in the form of an algebraic equation
there can be calculated for each value of the one variable the corre-

sponding value of the other, and when such calculations have to be

frequently performed, a table of the required extent can, once for all,

be drawn up. In many cases, however, especially in the investigation
of new relations, an algebraic expression for a really existing depend-
ence is not known. In such cases it is important to possess a method
which allows of showing clearly the connection between the magnitudes,
so that the general relations can be judged. For this purpose the

representation by means of co-ordinates is generally used in the experi-
mental sciences.

Let it have been found by measurement that to a definite value x^
of the one magnitude, there corresponds a value yl of the other. On
a horizontal straight line (Fig. 32), starting from a point which has
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been chosen once for all as the zero, one then measures off, towards the

right, a distance corresponding to the value of x
lt i.e. a distance which

contains as many of the suitably chosen units of length as the amount of

the numerical value of xr From this point x the value of yv also in

suitable units, is measured in a perpendicular direction. The point yl so

obtained is then a representation of the quantitative relations of the two
values. This process is repeated for a second pair of corresponding
values X2y2 ,

an(l a second point is thus obtained. By continuing the

process, a number of such points is obtained, and if an unbroken line be

now drawn through all these, a clear picture of the relation between the

two variable magnitudes of the phenomenon under investigation 'is

obtained. The horizontal lengths are called the abscissae, and the

vertical ones the ordinates of the points inserted
;

both together are

designated as the co-ordinates.

The method of representation employed permits also of the repre-
sentation of negative magnitudes, if the rule be laid down that these

FIG. 33.

shall be reckoned towards the left and downwards from zero, while the

positive magnitudes are reckoned towards the right and upwards.
106. The Law of Expansion. In illustration, let us apply the

method, in the first place, to known laws of nature
;
the curves thereby

obtained will be a representation of these functions. As a first example
we may take the law for the expansion ofgases by heat, the temperatures

being regarded as the abscissae, the volumes as the ordinates. First of

all one calculates the volumes v, corresponding to different values of t,

according to the formula for constant pressure

v = v (l+ 0-003670,

assuming any definite value for the constant v
, e.g. v = l. One obtains

a table such as the following :

10
20
50
100

1000
1-037

1-073

1-184

1-367

If we take the values of t as abscissae, those of v as ordinates, the

above figure is produced (Fig. 33).
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The points all lie on a straight line, and if they are joined by a

straight line, one obtains from it the volumes corresponding to all the

intermediate values of the temperature, and vice versa. Such a repre-

sentation, therefore, can be used in place of the formula for obtaining
the intermediate values (interpolation).

All expressions in which the two variables occur only to the first

power and not multiplied with one another, represent straight lines.

They are called functions of the first degree, or, in consideration of the

representation just found, linear functions. Such functions have the

general form y = ax + b, where a and b are constants
;

b representing the

value which y assumes when x = Q. (In the foregoing example b repre-
sents the volume of the gas at the temperature C.) The meaning of

a is obtained as follows. Applying the formula to two given points x
lyl

and X
2y2 ,

there follows, by subtraction of the two equations yt
= ax

1 + b

and y2
= ax2 + b, and rearranging

Here, y^ y\ and x2 x
1
are the changes which y and x have simultan-

eously experienced ;
a denotes, therefore, the ratio in which the two

magnitudes vary with one another. The readily intelligible meaning
of the factor a in the above example is that of the coefficient of expansion,

O00367, the ratio between the increase of the unit of volume and of

the temperature.
If the straight line which expresses the relation between temperature

and volume be produced to the left, it cuts the horizontal axis at the

point t = 273. At this point the ordinate v has the value zero
;
at

this temperature, therefore, the gas would occupy the volume 0, if it

obeyed the law as far as that point. This representation gives, as can be

seen, a clear idea of the absolute zero. Since no gas has been investi-

gated to such a low temperature as this, the prolongation of the line is

not the expression of observed facts, but either has a formal meaning, or

expresses a more or less probable supposition. Such a procedure is

known as extrapolation, and one must always bear the doubtful nature of

its results in mind. In the present case the supposition would be wrong,
since all gases already change their physical state in the known ranges
of temperature above the absolute zero, and become liquid or solid.

107. Representation of Boyle's Law. The relation between
the volume and pressure of a gas at constant temperature is repre-
sented by the formula pv = C, where C is a magnitude which varies with

the amount of the gas and with the temperature, but for given values

of these remains constant. The expression is, evidently, not one of the

first degree with respect to p and v, since it contains a product of the two,
but is of the second degree. Accordingly, it will not be represented by
a straight line. Assuming the constant C = 100, one obtains the follow-

ing table :
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V
1

5
10
20
100

V

100
20
10
5
1

The geometrical representation gives the curved line of Fig. 34, which

is called a rectangular hyperbola. The two branches approach the axes

more and more, without ever touching or cutting them. Straight lines

which possess this property with relation to a curve are called asymptotes,

and the manner of approach is called asymptotic. Since, simultaneously
with the approach to the one axis, the curve becomes more and more

20'

10'

2 6 2O 30

FIG. 34.

50 y

distant from the other, this relation is an expression of the fact that the

volume of the gas never becomes zero, however great the pressure, and,

likewise, the pressure never becomes zero, however great the volume.

However, the extension of this conclusion indefinitely would again be

an extrapolation (p. 120), to which the corresponding dubiety would

attach.

108. Density Of Oxygen. After these long but necessary pre-

liminaries, we can calculate, from the observed volume v of the oxygen

at the temperature t and under the pressure p }
its

"
reduced volume

"

v at and under the pressure p (equal to the pressure of one atmo-

sphere or 76 cm. mercury), by means of the formula

pv pv

76(1+0-00367*)
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According to the very exact measurements of Morley, the weight of

1 c.c. of oxygen under normal conditions amounts to 0-0014290 gm. ;

its density is therefore 0-0014290. Conversely 1 gm. of oxygen
occupies under normal conditions 699-8 c.c.

; its extensity is therefore

699-8. At any other pressure p and temperature t these values are

Density : 0-0014290,
P

76(1 + 0-003670'

k .76(1+ 0-00367*)
Extensity : 699'8 .

109. Liquid Oxygen. For a long time oxygen was known only
in the gaseous state

;
it was only in 1877 that Pictet and Cailletet,

simultaneously and independently, converted it into a liquid. This

has a bluish colour and boils, under atmospheric pressure, at - 183 C.

On increasing the pressure, the boiling point rises. In this way, by
increasing the pressure to 50 atmospheres, the boiling point can be raised

to - 118. At a higher pressure, the phenomenon of boiling cannot be

brought about at all
;
on the other hand, above - 118 oxygen cannot

be liquefied by any pressure, however great. These extreme values

at which gas and liquid can exist side by side, are called the critical

values
; 50 atmospheres is, therefore, the critical pressure, and - 118 C.

or 155 A. the critical temperature, of oxygen. More exact information

regarding the behaviour of substances in the neighbourhood of the

critical point will be given later (Chap. XIX.).
Whereas, formerly, liquid oxygen could be obtained only in small

quantity after laborious preparation, a method was perfected inde-

pendently by C. Linde and by Hampson in 1896, by means of which

oxygen could be converted into the liquid state by a continuous process.
The method depends on the fact that strongly compressed air under-

goes cooling on expansion. The cold thus produced is then employed
to cool down a further quantity of compressed air, so that when this

expands a considerably lower temperature is produced ; by repeating
this cycle uninterruptedly, the temperature can soon be lowered so far

that the expanded air becomes liquid.

From the mixture of oxygen and nitrogen thus obtained, nitrogen

evaporates off first, since its boiling point lies at - 196, much lower,

therefore, than that of oxygen ; and a mixture is left behind which
becomes increasingly rich in oxygen, and at last is almost pure liquid

oxygen.
The production of liquid oxygen has on this account become so

cheap that attempts have been made to employ it, mixed with charcoal,
as an explosive.

110. Commercial Oxygen. Although oxygen in unlimited

amount is at the disposal of every one, themanufacture of oxygen for sale

has, however, already become a considerable industry. This depends on
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the fact that the oxygen in the air is diluted with nitrogen, and therefore

in the case of combustion does not produce such a high temperature as

the pure gas. Where, therefore, it is of importance to obtain very high

temperatures pure oxygen must be employed, and this must be specially

prepared.
The chemical methods employed for this purpose cannot be described

here. The preparation from potassium chlorate is too expensive for the

manufacture on a large scale
; other substances are used which, at

certain temperatures, absorb oxygen from the air and, at other tempera-
tures, give it up again

Only the principle of one method can be described here. It depends
on the easy preparation of liquid oxygen from the air (see above).

From the mixture of oxygen and nitrogen produced by this method, the

nitrogen is removed by partial evaporation. By using the cold hereby

produced for the liquefaction of fresh portions of air, it is possible to

separate the oxygen and nitrogen of the air fairly well from each other,

and this, too, at a price which makes the commercial production appear
remunerative.

The oxygen prepared for sale is pumped into steel cylinders (Fig.

53, p. 147) under a pressure of 100 atmospheres, and can be withdrawn

from them with any desired velocity by turning a screw-valve. For

the purpose of continuously maintaining definite velocities in spite of

the gradual emptying of the cylinder, there are pressure-reducing valves,

the opening of which enlarges more and more as the pressure in the

interior becomes less, and which, in this way, effect a discharge which

is almost independent of the pressure. As a rule, commercial oxygen
still contains 5 to 10 per cent of nitrogen.

111. Other Properties. As is to be expected from the great

importance of this element, the measurement of many other properties

has been carried out on oxygen. Their importance is, however, as a

rule, not so great that they should be separately discussed here. One

of them, however, viz. the solubility in water, will be given, since it often

comes under discussion. It is small : 1 volume of water dissolves, at

0, 0-049, and at 20, 0-031 volume of oxygen. From atmospheric

air, in which oxygen is present only to the extent of one-fifth, only a

fifth part will be dissolved. From this it follows that at 0, 32 gm.
of oxygen require 457 lit. of water for solution, when the solution is

saturated with pure oxygen. If it is saturated with air, 32 gm.

oxygen would be contained only in something like 2-3 cubic metres of

water.

Further, it is deserving of mention that oxygen is paramagnetic, i.e.

it is attracted by. a magnet, similarly to iron. On account of the

small density this property is not observable in the case of the gas ;

in the case of liquid oxygen, however, it can be clearly observed:

112. Ozone. When oxygen is exposed to the influence of electrical

oscillations its volume changes ;
the volume contracts and the oxygen
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at the same time assumes new properties. The experiment is best

carried out in an apparatus consisting of two tubes placed one within

the other, and fused together. These tubes are coated, within and

without, with an electrical conductor
; each coating is connected with

a pole of an induction machine, and oxygen is passed in a slow current

through the space between the two tubes. 1

113. Characteristics. That something new has been formed is

evidenced, first of all, by the fact that the issuing gas has a strong smell,

which is irritating to the mucous
membrane and induces coughing.

Further, a piece of bright silver, which

undergoes no change either in air or in

pure oxygen, becomes black when held

in the stream of gas. Lastly, a colour -

^ less solution of potassium iodide (p. 91)

Oxygen becomes coloured dark brown when
the altered oxygen is conducted through
it, whereas ordinary oxygen has no
effect. All these properties are again
lost when the altered oxygen is passed

through a heated glass tube.

We here stand face to face with

the fact that a simple, or undecompos-
able substance assumes other properties
without passing into a chemical com-

pound by interaction with another sub-

stance. For the glass of the electrical

apparatus with which the oxygen is in

contact during its alteration remains

entirely unchanged, as also does the

heated tube in which the altered oxygen
again passes into ordinary oxygen.

This oxygen, endowed by means of

the electrical treatment with other

properties, is produced also under many
other conditions. Even in very small

quantity it is recognisable by its remarkable smell, on account of

which it has received the name of ozone.

114. Pure Ozone. The oxygen in our apparatus is converted,
after all, only in small part into ozone, so that the issuing gas is a

mixture of oxygen with a small percentage of ozone. Pure ozone can

1 An advantageous modification of the apparatus consists in forming both coatings of

dilute sulphuric acid (which is a fairly good conductor of electricity), (Fig. 35). By
means of the liquid, the apparatus, while being used, is kept cool, a condition which has

great influence on the yield, since ozone is destroyed by warming, i.e. it is converted

again into ordinary oxygen.

Ozone

FIG. 35.
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be obtained by passing the mixture through a tube cooled by liquid

oxygen ;
the ozone condenses then to a liquid of a cornflower-blue

colour, which passes at -110 into a blue gas. Working with this

gas is dangerous since it readily explodes, passing, with development
of heat, into ordinary oxygen.

115. Relation of Ozone to Oxygen. This last fact gives us the

key to the understanding of the phenomena. The heat which the ozone

develops on passing into ordinary oxygen was contained in the ozone,

not, it is true, as heat, bait as energy of another form, which is called

chemical energy. We can, therefore, write the equation

oxygen + energy = ozone. 1

By subjecting oxygen to the influence of electrical oscillations, there

is transferred to it the energy which it requires for its transformation

into ozone.

As is evident, ozone can be formed from oxygen only under such

conditions that the necessary energy can be transferred to the latter.

As a matter of fact, this is the case in all circumstances (to be specified

later) which lead to the formation of ozone (vide Chap. XVIII.).
116. Allotropy. Elements which, by reason of different energy-

content, have different properties, are called allotropic. Oxygen and

ozone are therefore allotropic modifications of the same element. The

fact of the existence of allotropy follows, on the one hand, from the fact

that the different forms are convertible into one another without residue,

and, on the other hand, from the fact that equal weights of both forms

give identical products with equal weights of other substances. Thus,

in the combination of a combustible substance with oxygen or ozone,

exactly the same compounds are obtained, and in these nothing

remains of the difference between the two kinds of oxygen.
Besides the difference in chemical behaviour and in energy-content,

there also exist between oxygen and ozone differences in their physical

properties. More especially has there to be mentioned that the density

of ozone is to that of oxygen as 3 : 2. One c.c. of ozone weighs, under

normal conditions, 0-002144 gm., and 1 gm. of ozone occupies the

volume 466-5 c.c.

.117. Technical Application. Since ozone acts more quickly and

more energetically on oxidisable substances than oxygen, it is prepared

at the present day on a large scale by an electrical method, and is

employed in the arts for bleaching, purification of starch, resinification

of oils, etc.

1 The equation is not to be thought of as expressing that ordinary oxygen contains

no energy, but only that ozone contains more energy than ordinary oxygen.



CHAPTER IX

HYDROGEN

118. Preparation from Water. Water is one of the most important
and widely distributed compounds of oxygen. Besides oxygen, this

substance contains another element which is called hydrogen, and which
can be obtained from water by the withdrawal of oxygen. This can
be done, for example, by means of red-hot iron. We have already
found (p. 108) that, at a moderately high temperature, iron combines

with oxygen. If iron, in the form of thin wire, or turnings, or other-

wise finely divided, be heated in a tube to redness and steam be passed
over it (Fig. 36), the latter is converted into a gas which can, like oxygen,
be collected over water.

119. Identification of Hydrogen. The gas which is collected,

resembles oxygen in its outward appearance ;
like it, it is colourless,

odourless,
1 and tasteless, and is not dissolved by water to an appreciable

1 The gas obtained from steam and ordinary iron possesses an unpleasant smell,

reminiscent of petroleum. This, however, is due to the formation of other substances

from the carbon contained in ordinary iron, and does not occur when pure iron is used.

126
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extent. It can, however, be readily distinguished from oxygen by the
well-known reaction of that gas. A glowing splinter of wood does not
inflame but is extinguished. If, however, a splinter burning with a
flame be brought into the gas, it also, it is true, is extinguished, but
the gas itself takes fire and burns with a pale flame. Hydrogen, there-

fore, cannot support the combustion of wood, but is itself combustible

in air.

120. Detection of Oxygen from Water. If the iron be after-

wards examined, it will be found to be coated with a black-grey, friable

mass which has the same properties as the substance produced by the

burning of iron in oxygen, and is, in fact, like it, an oxide of iron.

The following process therefore occurs :

water + iron = hydrogen + oxide of iron.

121. Other Methods of Preparation of Hydrogen. The ex-

periment just described is of great historical importance since it served,
in its day, to prove the compound nature of water (which was formerly

regarded as an element). It yields, however, little hydrogen, and is

inconvenient to carry out.

The experiment becomes much easier when, instead of iron, a

metal is used which decomposes the water even at a low temperature.
This decomposition occurs with the light metals, e.g. magnesium. If

water be poured over magnesium powder, such as is, at present, largely
used for the production of a bright, sudden light in photographing, no

action, certainly, takes place at the ordinary temperature ;
on heating,

however, till the water boils, a gas is slowly evolved which can be

collected in the ordinary way, and can be shown to be hydrogen by its

burning with a pale-blue flame.

The evolution of gas can be greatly accelerated by dissolving in

the water a little magnesium chloride, a salt -like compound of

magnesium. This does not take any part in the reaction but only
dissolves the oxide of magnesium which is formed, and thus frees the

surface of the metallic particles from the coating of this substance,

by which the action of the water is retarded.

Lastly, there are light metals which decompose water with energy,

even at the ordinary temperature. This is the case, for example, with

sodium (p. 96). On bringing a little of this metal in contact with

water, an energetic action takes place whereby so much heat is developed
that the metal melts. For the purpose of collecting the gas hereby

produced, one can proceed as follows.

A little sodium is placed on the water in the trough and pressed

under the surface with an inverted spoon made of fine wire-gauze

<Fig. 37). The evolved gas then ascends through the meshes of the

gauze, while the metal is kept back. If the spoon be placed under an

inverted tube, filled with water and standing in the trough, the gas

can be collected and be shown to be hydrogen.
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Also the sodium may be wrapped in wire gauze or in blotting-paper,
and quickly brought under the mouth of the tube by means of a tongs.
The water then penetrates only after some moments to the sodium, and
this rises within the tube, where it acts on the water and evolves gas.
In this case, also, the gas can be shown, by its combustibility, to be

hydrogen.
As a rule, the gas so obtained burns not with a blue but with a

yellow flame. This is due to the presence of drops of liquid, which

contain the sodium compound which has been formed
;
to this the flame

owes its yellow colour. If one wishes to avoid this, the gas must be

allowed to stand some time

till the drops of liquid have

settled and the gas has be-

come free from fumes.

122. Chemical "For-
ces." If the methods by
which oxygen was obtained

are compared with those

employed for the prepara-
tion of hydrogen, an essen-

tial difference is found.

Oxide of mercury and po-
tassium chlorate decompose
at moderately high tempera-
tures into oxygen and the

other constituent, without

the participation of any other substance. Hydrogen, however, was

obtained, not by the other constituent of water being separated as an

element, but by its entering into another compound, and the formation

of hydrogen from water takes place all the more easily the more

energetically the combination of the oxygen with the substance added

takes place, i.e. the more stable the newly formed compound is.

Similar conditions are also met with in many other cases. If we
have a compound of the substances A + B, and bring into contact with

it the substance C, which can combine with A to form a very stable

compound, then this compound A + C is formed along with the sub-

stance B.

For a long time the following picture was made of these relations

a picture which is still much used, although there are important

points where it does not prove to be correct. The various substances

were imagined as being endowed with forces, in virtue of which they
could mutually bind one another. If, now, the force between A and C
is greater than that between A and B, C must decompose the compound
A + B, when both come together ;

A is bound or held fast by C, and B
is displaced from its compound with A and set free.

In the case under discussion it was assumed that the force between

FIG. 37.
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hydrogen and oxygen is smaller than that between iron and oxygen ;

if, therefore, water is exposed to the action of iron, the smaller force

is overcome by the greater, and the stronger iron drives out the hydrogen
from the water.

A more exact knowledge of chemical processes has shown that this

picture is not a suitable one
;

it represents, only quite roughly, some of

the actual relations, but is contradictory to other facts. Through long
use in chemistry, however, this mode of expression has become to such

an extent a part of the daily language, of that science that a knowledge
of it is necessary for the understanding of chemistry although it is

better not to use it. A more suitable exposition of such processes will

be given shortly (p. 143).

123. Preparation of Hydrogen from Acids. None of the ex-

periments we have described for obtaining hydrogen from water is

convenient to carry out, especially when

comparatively large quantities of the gas
have to be prepared. For this purpose
not water but other compounds of hy-

drogen are decomposed.

Among the compounds of hydrogen
there is an especially large and im-

portant group known as the acids. These

are hydrogen compounds which have the

property that their hydrogen is liberated

when they are acted on by certain metals.

The vigour of the action varies with

the nature of the acid and of the metal,

and as there is a great variety of acids

and metals, the ones most suitable for the

purpose on hand can be chosen.

Zinc (p. 99) is the most suitable metal

and hydrochloric acid the most suitable

acid. When these are brought together
a vigorous reaction takes place even at

ordinary temperatures, and by this means hydrogen in any desired

amount can be generated.
The apparatus employed for this purpose can be arranged in very

different ways. In Fig. 38 a very useful form is shown. The zinc is

contained in a bottle, at the bottom of which it is convenient to have

a second tubulure closed by a cork and stop-cock. Into the neck of

the bottle there is inserted, air-tight, a doubly bored cork, through

which pass a dropping-funnel and a short glass tube. A dropping-

funnel differs from an ordinary funnel in that it is furnished with a tap

by means of which the liquid it contains can be allowed to flow out as

desired, or be kept back. To the gas-delivery tube there is attached

an indiarubber tube, to which the rest of the apparatus is connected.

K

FIG.
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FIG. 39.

When it is desired to generate hydrogen it is only necessary to fill

the dropping-funnel with hydrochloric acid, and to carefully open the

tap, so that the acid reaches the zinc in single drops. Each drop forth-

with evolves gas, and by regulating the tap any desired velocity of

evolution may be ob-

tained. When no more

gas is required the tap is

completely closed and the

apparatus is ready for

use when next required.
When the bottle is nearly
filled with liquid this is

run off by the tap at the

bottom.

In some cases it is

expedient to replace the

dropping
- funnel by a

second bottle with a tubu-

lure at the bottom. This

is connected, so as to allow

of easy movement, with the bottom tubulure of the first bottle by
means of indiarubber tubing. On the indiarubber tubing there is

placed a clamp of brass wire, a
"
pinch-cock," which presses the tubing

together and closes it. The second bottle is filled with hydrochloric
acid and placed above the first (Fig. 39).

By means of a screw, the pinch-cock is

opened wide enough to allow the acid

to flow to the zinc in drops, whereupon
the evolution of hydrogen begins and
can be regulated as desired.

Another form which, although not

so suitable, is still much used, is shown
in Fig. 40. The Kipp apparatus, so

called from the name of its inventor,
consists of the double under vessel AB,
either part of which has a lateral

tubulure, and of an upper globe-shaped
funnel C, the long stem of which reaches

down to the under part of A and is

ground into the neck of B. The zinc

is placed in B, the acid in C
;
the gas-

delivery tube is fixed in the lateral opening of B and closed by a tap.
The method of working is as follows.

On opening the tap H the air in the apparatus first of all escapes ;

the acid flows from C into A, and, when A is filled, comes into contact

with the zinc in B. Evolution of gas begins forthwith, and the hydro-

FIG. 40.
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FIG. 41.

gen which is generated escapes through the tap H. If more gas is

developed than can pass through the tap, the acid is forced back out

of B into A and C
;

it comes out of contact with the zinc, and the

evolution of gas is interrupted or diminished. On the other hand, if

more gas is withdrawn the acid passes back to the zinc, and the evolu-

tion of gas takes places more quickly.

Although this automatic regulation is an advantage,
the apparatus has the disadvantage that the fresh

acid from C is mixed with the partially spent acid in

A, and its action thus interfered with. The full effect

of the acid can, therefore, never be obtained, as can be

done with the apparatus first described.

124. Drying of Gases. The hydrogen, which can

in this way be obtained in any desired quantity, is not

quite pure, since it takes up water vapour from the

aqueous liquids in the presence of which it is produced.
To free it from this, the gas is passed over sub-

stances which retain the water. There are many such

desiccating agents. One of the most convenient is

calcium chloride, a white, very hygroscopic salt which is formed as a

waste by-product in many chemical manufactures, and is, therefore,

very cheap. A tube is filled with this salt and placed in the path of

the hydrogen, the simplest way being to attach the tube directly to the

generating apparatus, as indicated in Figs. 38 and 40.

Concentrated sulphuric acid is anotherand much
more effective desiccating agent. Since this is a

liquid it is either placed in a wash-bottle (Fig. 41), in

which the gas is made to bubble through the liquid,

or spread out over some material which has a large

surface, and is not attacked by the acid, such as

broken glass or, better, pumice-stone. It can

then be placed like a solid substance in tubes, and

in this case one must only bear in mind that the

volume of the acid increases through its attracting

water and flows down to the lowest parts of the

apparatus. A collecting-chamber for this acid

must, therefore, be provided. In Fig. 42 is shown

a drying-tower which is intended for large quantities
- of gas, and which fulfils these requirements; it

FlG> 42-
can also be used for calcium chloride.

Besides the aqueous vapour, the hydrogen frequently contains also

very fine drops of the liquid from which it has been evolved (p. 128).

These pass through wash-bottles, but are retained with certainty by

a plug of cotton wool.

Other impurities which are usually contained in the hydrogen will

not occupy us here, since they are mostly of no account for the experi-
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ments which are to be performed. By these traces of foreign substances,

only the fact that pure hydrogen is completely odourless is masked
;

impure hydrogen has a slight odour, which it loses, however, by appro-

priate purification.
1

125. Physical Properties of Hydrogen. The most conspicuous

property of this element is its small density ;
of all known substances

it has, as has already been said, the smallest density.
If a flask of about a litre capacity, closed by a stopper and a good-

fitting glass tap, be weighed, first filled with air and then exhausted,
a difference of weight of rather more than 1 gm. is found. If the

exhausted flask be filled with hydrogen under atmospheric pressure, the

increase of weight amounts to only about 0-1 gm. if anything, rather

less. This shows that hydrogen is at least ten times as light as air.

By exact experiment the ratio is found to be 1 : 14-4.

On comparing the weights of like volumes of oxygen and hydrogen
at and under a pressure of 76 cm. of mercury, the ratio is found
15-88 : 1 or 16 : 1-008.

Since 1 c.c. of oxygen under normal conditions weighs 0-001429

gm., the weight of 1 c.c. of hydrogen, or its absolute density under
normal conditions, must be 0-0000900.

126. Molar Weight. This ratio holds, in the first place, for the

two gases under normal conditions. On account, however, of the

identity of the laws of pressure and temperature in the case of all

gases (pp. 115 and 116), it remains unchanged when the densities of

oxygen and hydrogen are compared at any pressure and temperature,

supposing only that both gases are at the same temperature and pressure.

When, therefore, the weight of a gas at any pressure and temperature
is compared with that of the same volume of a standard gas under the

same conditions, a constant ratio-number is obtained which is in-

dependent of the pressure and the temperature, and is determined only
by the nature of the gas.

As the standard gas there is taken, not an actual substance, but
an imaginary gas which is 32 times as light as oxygen. The historical

development which has led to the choice of this particular number
will be given later (Chap. X.). For the present, it is sufficient to

state the fact.

The ratio of the weight of a given gas to that of an equal volume
of the standard gas under the same conditions is called its molecular

weight. Since this name has been derived from certain hypothetical
notions regarding the constitution of the gases notions which are not
essential to the actual facts we shall give preference to the shorter

name molar weight, although, at present, the other is still the one
most used.

Since the standard gas is taken as 32 times lighter than oxygen,
1 The purification can be effected by means of potassium permanganate contained in

a wash-bottle through which the gas passes.
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its absolute density under normal conditions, i.e. at a pressure of 76
cm. of mercury and 0, is equal to 0-00004466 gm. and its extensity
to 22,400 c.c. Both numbers are of great importance and find mani-
fold application.

The molar weight of a gas is got, therefore, by dividing its weight
G by the weight of an equal volume v of the standard gas under the

same pressure p and at the same temperature t. This weight g is

found, according to the formula on p. 121, to be

The volume is here measured in c.c. and the pressure in cm. of mercury.
If G is the weight of the gas, the molar weight is, according to definition,

G/g, or introducing the value of g, the absolute temperature T = 273 + tf

and collecting all numerical factors,

rn/(

molar weight = 6234 .

pv

According to definition the molar weight of oxygen is 32-00. From
the data given above for hydrogen, it follows that the molar weight of

hydrogen is 2-016.

The molar weight of a gas can also, according to this, be regarded
as the weight of that amount of gas which occupies the same volume

v, under the same pressure p, and at the same temperature t, as 1 gm.
of the standard gas. From the equation pv = rT or pv/T

=
r, we see

that the constant r depends only on the pressure, volume, and

temperature ;
it assumes, therefore, the same value for different

gases, when these magnitudes are equal. From the definition of

molar weight just given, it therefore follows that the constant r must

have the same value for a molar weight of any and every gas, independent
of its nature. The constant referred to the molar weight is called R.

To calculate the value of this, we apply the equation jw/T
=E to

the standard gas at and under atmospheric pressure. In this case,

v = 22,412 c.c., p = 1,013,084 in absolute units (p. 45), and T = 273.

Hence R = 8-31 x 107 in absolute units. 1 The equation

^ =RT = 8-31xl07T

holds good, therefore, for a molar weight of any and every gas.

[It must, however, be noted that the general gas-law, as well as

its part-laws (that of Boyle and of Gay-Lussac), is not absolutely exact.

On the contrary, all gases deviate more or less from it, the deviation

being all the smaller the more dilute the gases are. We are dealing

1 If the pressure is reckoned in atmospheres, p= l and R= 82'l. If jp is reckoned

in gm. on 1 sq. cm. j9
= 1033 (p. 45) and R = 8'48 x 104

. It is best to keep to absolute

measure.
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here, therefore, with a
"
limiting law

"
(p. 28), to which the actual

substances approximate, but to which they never entirely conform.

Under ordinary conditions of temperature and pressure, these

deviations in the case of most gases are small, and amount to scarcely

one-hundredth of the theoretical value. A gas which would completely

obey the law pv = ~RT, is called an "ideal gas." The standard gas
above mentioned is assumed to be an ideal gas.]

Since formerly the
'

densities of gases were almost exclusively
referred to the density of air as the unit, it is necessary to establish

the ratio of our molar weight to these numbers. Now, a litre of air

weighs 1-293 gm. ;
it is, therefore, 28-9 times as heavy as the standard

gas. To calculate the molar weight from a density referred to air,

the latter must be multiplied by 28-9
;

in the reverse case, the number
must be divided by 28-9.

127. Experiments. The small density of hydrogen can be de-

monstrated in various ways. A small balloon of collodium, gold-

beater's skin, or caoutchouc, is filled

with hydrogen and allowed to go
free. Since hydrogen is, in round

numbers, fourteen times as light as

the displaced air, it experiences a

corresponding upward force amount-

ing to about 1 gm. for every litre,

and the balloon, therefore, quickly
ascends. The same thing can be

shown by blowing soap-bubbles
with hydrogen and allowing them
to ascend.

This property is made use of

on the large scale for making aerial

balloons, which are, essentially, bags
of silk rendered air-tight and filled

with hydrogen. The total load

which such a balloon can carry (in-

clusive of its own weight) is found,

according to what has been stated,

to be, in round numbers 1 kilogm.
for each cubic metre. This holds,

however, only in the neighbourhood of the earth's surface
;
the higher one

ascends, the less dense does the air become, and the less its buoyancy.
This property of hydrogen can be demonstrated in another way.

Two glass cylinders are filled with the gas over water and supported
in an upright position one with the mouth upwards, the other with

the mouth downwards (Fig. 43). If, after a few moments, a flame be

brought near both cylinders, the inverted one will be found to be still

filled with hydrogen while the other contains only air.

FIG. 43.
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128. Behaviour of Hydrogen at Higher Pressures. In its

properties as a gas, hydrogen, of all known substances, approximates
most nearly to the

"
ideal

"
gaseous state. On closer investigation,

however, a deviation is found, such that with increasing pressure the

volume of hydrogen diminishes less than it ought to according to Boyle's
law. This deviation increases as the pressure becomes greater, following
a very simple law which can be expressed as follows.

The total volume of hydrogen is made up of one part which strictly

follows Boyle's law, and of another partwhich is independent of the pressure.

Denoting the total volume by V, and that part which obeys Boyle's
law, and for which, therefore, at constant temperature, the equation

pv = C holds good (where C is a constant), by v, and denoting by b the

other part which is independent of the pressure, we have ~V = v + b.

Substituting for v in the equation pv = C its value V-6, we obtain

p(V -b) = C as the expression for the behaviour of hydrogen at all,

and especially at high, pressures.
A clear picture of the substance of this law can be got by imagining

the hydrogen to consist of small particles of greater density, between
which is an empty space. The latter would obey Boyle's law, while

the former would represent the incompressible part of hydrogen.
In the case of hydrogen at and under atmospheric pressure, the

value of b amounts to 0-00062 of the total volume.

The equation p(V b)
= C shows that the diminution in volume

is smaller the more the pressure increases, and that when the

pressure is very high, V can be only slightly greater than b. In this

case, hydrogen behaves almost like a liquid, for a liquid also has the

property that its volume diminishes only slightly with great increase

of pressure.
In the case of the other gases, the deviations from the law pv =RT

are generally such that the gases are, at first, more compressible than

according to Boyle's law. At very high pressures, however, they all

behave similarly to hydrogen.
129. Liquid Hydrogen. By the application of very effective

cooling arrangements, the principle of which has been pointed out on

p. 122, it has recently become possible to observe hydrogen in the liquid

state. It appears as a colourless liquid, the density of which at its

boiling point is only 0-07, but which, nevertheless, forms a quite visible

surface and exhibits, in all respects, the behaviour of a liquid substance.

Hydrogen boils under atmospheric pressure at -252, or only 21

above the absolute zero
; by allowing it to boil under reduced pressure,

this temperature can only be slightly lowered. At this temperature,

all liquids and gases
1
(oxygen and air as well) are transformed into

solid bodies, the vapour pressure of which is exceedingly small. Thus,

for example, if the closed end of a bent tube, filled with air, be placed

in a vessel of liquid hydrogen (Fig. 44), the upper part at once becomes

1 With the exception of helium. Tr.
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free from air and shows a vacuum such as can scarcely be obtained

with the very best pumps.
Solid hydrogen was obtained by allowing liquid hydrogen to evapor-

ate in vacuo. It formed a transparent ice with frothy surface. Its

melting point lies at about - 257.
130. Diffusion. If two cylinders with flat-ground, broad rims are

placed air-tight on one another with the help of a little grease (Fig. 45),

after the upper one has been filled with hydrogen, one would expect
that the lighter hydrogen would remain above and leave the heavier

air underneath. If, however, on the following day, the two cylinders

FIG. 44. FIG. 45.

be carefully separated from each other and immediately closed by
glass plates which are held in readiness, hydrogen will be found in both.

For if a flame be brought near, the gas contained in each cylinder takes

fire, and the pale hydrogen flame rushes with a whistling noise along
each cylinder.

1

This mutual spreading of gases into one another is called diffusion.

It is a quite universal phenomenon ;
all gases diffuse into one another,

and the diffusion goes on until each gas is uniformly distributed throughout
the whole space.

131. Dalton's Law of Partial Pressures. Different gases, there-

1 The fact that the combustion of hydrogen here exhibits other phenomena than

usual, is due to admixture with air, and will soon be explained in detail.
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fore, which are present in the same space, behave as if each were there

alone, for each separately obeys the law that in a given space a gas is

not at rest until it fills the space uniformly. For gaseous equilibrium,

therefore, not the total pressure, butfor each gas only its partial pressure, i.e.

the pressure which it would exert if it alone occupied the space, is of account.

This is a fact of great importance, since many other phenomena
exhibited by gases are determined by the partial pressure of these.

Thus, for example, the partial pressure is the determining factor for

gaseous equilibrium in chemical processes, which will be considered

later.

In order to express these relations for the purpose of calculation,

one has only to take into account that the total pressure of a gaseous
mixture is the sum of the partial pressures, and that each gas present
is uniformly distributed throughout the space, the total volume being,

therefore, equal to the volume of each gas. If, therefore, P is the

total pressure and V the total volume, the values for the single gases

being denoted by pv p2 , p3 ,
. . . and v

lt
v2 ,

v3 ,
... we have the

equations p1 + p2 + p3 + . . .
= P and

v-^
= v

2
= v3

=
. . .

= V.

The law of partial

pressures which has just
been statedwas established

by Dalton, and is called

after him. It is a special
case of a more general law,

according to which, in any
given gas mixture (the com-

ponents of which do not

chemically interact), each

single gas behaves, with

respect to all its properties,
as if it were alone present
in the total space under a

pressure equal to its partial

pressure. We shall have

many opportunities later

of becoming acquainted
with individual cases of

this general law.

132. Velocity of Effu-

sion. A cell of porous

clay, such as is used in FIO . 46 .

galvanic batteries, is closed

by a cork through which passes a glass tube 1 metre long (Fig. 46).

This tube dips into a vessel containing (coloured) water, and a beaker

is inverted over the clay cell. If, now, a rapid current of hydrogen

be passed into the beaker, a stream of bubbles is seen to pass out of
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the lower end of the tube, which shows that the pressure in the

interior of the cell has suddenly increased. In a short time this

ceases and equilibrium is established.

If the beaker be now removed, the water ascends just as quickly
in the tube, a sign of decrease of pressure in the cell. The water attains

a certain height and then sinks again, since the porous cell cannot

maintain a permanent difference of pressure.
These phenomena are due to the fact that hydrogen passes much

more rapidly than the other gases, e.g. air, through small openings
such as the pores of the clay cell. When, therefore, the cell is sur-

rounded with hydrogen, as in the first part of the experiment, this gas

penetrates rapidly into the interior, since its partial pressure there is

zero. For the same reason, the air passes at the same time out of the

cell into the hydrogen outside. The movement of the hydrogen takes

place, however, much more quickly, and, therefore, an excess of pressure
is produced in the interior of the cell, which drives the air out of the

tube in bubbles. Equilibrium occurs when the gases on both sides of

the cell-wall have the same composition.

If, now, the external hydrogen is removed, the same processes are

repeated in the reverse sense
;
the hydrogen, on account of the differ-

ence of the partial pressures, passes outwards, and it does so more

quickly than the air can penetrate inwards
;
hence the diminution of

pressure.
Differences of velocity, similar to those which are here found in

the case of effusion through the pores of the clay, are seen in the case

of the diffusion of two gases into each other, without a separating

partition. Both kinds of movement are, indeed, similar, but we are

not dealing with quite the same phenomenon in the two cases. We
shall only remark, generally, that hydrogen diffuses more rapidly than

any other gas, and that the velocity of diffusion is, in general, all the

smaller the greater the density of the gas.

133. The Law of Effusion of Graham and Bunsen. The

experiment on the differences of the velocity of effusion of gases in

the form we have just been considering, is not suitable for quantitative
determinations. The following, however, is a suitable form.

The apparatus in Fig. 47 is a gas-measuring tube set in a liquid

and having two marks m1
and m

z
. At the upper end there is a tap,

which, however, does not open free into the air, but into a space closed

by a thin platinum plate pierced with a fine hole. If the tube is filled

to somewhat below the mark mx with gas, and the tap opened, the gas
is forced through the fine opening, and the time can be noted which

elapses till the liquid passes from the lower to the higher mark.

If mercury be used as the liquid, the lower mark cannot be seen in

the case of the arrangement shown in Fig. 47. In this case a U-tube is

used, as indicated in Fig. 48.

If the experiment is carried out with different gases under the same
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conditions, it is found that the times of effusion of equal volumes through
the same opening are to one another as the square roots of the densities. In

other words, the velocities of effusion are inversely proportional to the

square roots of the densities.

This law and the apparatus described can, therefore, be made use of

for the purpose of measuring the ratios of the densities of different gases.

This method is employed in coal-gas works, because conclusions can be

drawn as to the value of the gas from determinations of the density.

The law just stated, which was discovered by Graham and Bunsen,
can be derived by the principles of dynamics from the conditions of

FIG. 47. Fio. 48.

experiment. The enclosing liquid performs in all the experiments the

same amount of work, filling up, by reason of the existing excess of

pressure, the space between the two marks. This work is converted

into the kinetic energy of the gas. The latter is represented by the

formula |-wc
2

,
where c is the velocity and m the mass (p. 30). If we

compare "two gases which we distinguish by 1 and 2, we must have

iwjCj
2 = Jw2c2

2
. The densities d are proportional to the masses m, equal

volumes being used in the experiments ;
we therefore have d-fi-f

= d2c2
2

,

or
Cl :c2= v/^ : ^.

134. The Spectrum of Hydrogen. When electrical discharges are

allowed to pass through a glass tube containing hydrogen under a
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pressure of a few millimetres of mercury, the hydrogen becomes in-

candescent and emits light.

The experiment is usually carried out in tubes of the form shown in

Fig. 49. Into the wider portions platinum wires are sealed which effect

the conduction of the electric current. In the narrower portion between,
where the current is condensed to a small cross-section, the hydrogen
glows most strongly.

The light emitted by hydrogen, made to glow electrically, appears
rose-red to the naked eye. If, however, the streak of light be viewed

through a prism held with the refracting edge parallel to the streak, not

one line but three separate lines, a red, a green, and a violet,

are seen. The last is the most difficult one to see.

This phenomenon is due to the fact that the different kinds

of light on passing through a prism are deflected to a varying
extent. The appearance of three separate lines is, therefore,

a proof that the hydrogen light consists of three kinds of rays

red, green, and violet. This light behaves differently from
that which comes from ordinary flames and glowing bodies

;

for if the latter be viewed through a prism a streak of light is

found to be drawn out to a broad band, the spectrum, in which
are represented side by side all possible kinds of light from red

to violet.

The appearance of these three lines is a property of hydrogen
which is possessed by no other substance. The same lines also

appear when hydrogen is made to emit light in any other way,
and their appearance is not prevented by the presence of other

substances so long as these do not completely convert the

FIG 49 hydrogen into other compounds. Since this scarcely occurs at

the high temperatures used, these lines, the spectrum of

hydrogen, are an excellent criterion for its presence in a glowing gas
mixture.

In this way one can recognise not only the terrestrial hydrogen, but

the same lines are found in the so-called protuberances of the sun, i.e.

torch-like formations which rise above the edge of the sun and can be

observed, more especially, during eclipses of the latter. This is a proof
that hydrogen occurs in large quantities on the surface of the sun, and

that it occurs in the free state.

The hydrogen lines can, likewise, be recognised in the spectrum
of many stars, so that this element, by reason of the light effect

peculiar to it, has been shown to be distributed throughout the whole

of space.
The ordinary light of the sun and of many stars exhibits black lines

at exactly the same points of the spectrum at which the hydrogen lines

appear bright. The two kinds of lines are very closely related. At a

later stage we shall enter in detail into the relation between them
;
we

would only mention here that these black lines prove the presence of
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hydrogen with the same certainty as the bright ones. It is, indeed, the
same phenomenon appearing under different conditions.

135. Hydrogen burns to Water. As a test for hydrogen, its

combustibility in air has been used. The question as to what thereby
becomes of the burning hydrogen can be answered with the knowledge
we have already gained. We have seen that iron and sodium, by
acting on water, pass into oxygen compounds, whereby hydrogen is

formed. According to this, water is a compound of hydrogen and

oxygen, and since combustion consists in a combining with oxygen, we
should expect water to be the product of the combustion of hydrogen.
As a matter of fact, we can convince ourselves by direct experiment
that water is the product of combustion of hydrogen.

FIG. 50.

If a large, dry beaker be held over the flame of burning hydrogen,
a dew is quickly formed which looks exactly like the film of moisture on

a cold window-pane, and behaves like it. Special arrangements are

necessary if it is desired to collect the water in larger quantities.

In Fig. 50 a burner is represented (cf. p. 146) in which, by means of

pure oxygen conveyed to it, hydrogen can be burned. Since large

amounts of heat are hereby produced, the burner is placed in a wide

glass flask which can be cooled by surrounding it with water. If this

apparatus is put in action, a few cubic centimetres of a colourless liquid

soon collect, which, in all its properties, shows itself to be pure water.

136. Combustion of Hydrogen by means of Oxygen Com-

pounds. For the formation of water it is not necessary that the

oxygen be presented as the free element to the hydrogen .; oxygen
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compounds, or oxides, can also be used for the purpose. If hydrogen be

passed over oxide of mercury placed in a bulb-tube (Fig. 51), no action,

certainly, takes place at ordinary temperatures ;
so soon, however, as

the oxide of mercury is carefully heated metallic mercury makes its

appearance, and water is deposited on the colder part* of the tube, first

as dew and then in small drops.

Quite similar phenomena are observed when the oxides of other

metals are used in place of oxide of mercury. By heating oxide of lead

in a current of hydrogen,
metallic lead and wrater are

obtained. The oxide of lead,

under the name of litharge,
is obtained in large quanti-
ties by heating metallic lead

in air, the lead thereby com-

bining with the oxygen con-

tained in the air. When
copper oxide, obtained by
strongly heating copper in

air, is heated in hydrogen,
red metallic copper and
water are produced. Hy-
drogen may therefore be

used for the purpose of

obtaining the metals from
their oxides. This method
finds no application on a

FlG 51 large scale, because there

are cheaper means of effect-

ing the same result
;

for scientific work, however, such methods are

not unfrequently employed.
137. Reversed Processes. The processes we have just described

take place according to a scheme which is similar to that of the dis-

placement of hydrogen from water by iron, only that they represent
the reverse process, the displacement of a metal from its oxide by
hydrogen.

It is therefore of interest to ask whether hydrogen will not also

displace the iron from iron oxide. If the previous experiment is

repeated, using, however, oxide of iron in place of oxide of mercury,

quite similar phenomena are, as a matter of fact, observed. Water

again makes its appearance, and the oxide of iron passes into iron.

This, it is true, does not look like ordinary iron, but has the appearance
of a black powder. This, however, is due only to the fact that the

melting point of iron is much higher than the temperature which is

reached in the bulb
;

the iron particles, therefore, cannot unite to a

coherent mass. If, however, after cooling, the contents of the bulb are
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taken out and rubbed with a smooth, hard object, the metallic lustre

and the grey colour of iron are seen.

The interaction between iron and aqueous vapour can, therefore,

be reversed, and if we write a chemical equation in the form

Iron + water vapour = iron oxide + hydrogep,

it can be read in either direction, the substances on the left being capable
of being converted into those on the right, as well as conversely. Indeed

more exact investigations have shown that both of these opposed
reactions can take place at the same temperature.

138. The Chemical " Forces," Such a behaviour is contradictory
to the notions about

"
displacement," indicated on p. 128.

In the sense of this theory, the force between iron and oxygen must,

according to the experiment described on p. 126, be greater than that

between hydrogen and oxygen, because iron decomposes the water.

Conversely, according to the experiment on p. 142, the force between

hydrogen and oxygen is greater than that between iron and oxygen,
because hydrogen decomposes the oxide of iron.

Since it is impossible for both propositions to be correct at the same

time, it follows that the theory which leads to these propositions must be

false.

139. Mass Action. As a matter of fact, the investigation of this

and of similar cases has shown that the determining factors for the

occurrence of a chemical process are not only the nature and, say, the

temperature, but also the ratio of the substances present to the given volume

or the concentration, as well. In the present case, the water vapour acts

on the iron till a certain amount of it has been converted into hydrogen,
and a definite ratio between the hydrogen and the water vapour obtains.

Conversely, iron oxide is decomposed by hydrogen till a definite ratio is

established between the hydrogen remaining and the newly formed

water vapour, a ratio which is the same as that produced by the reverse

method.

A mixture of hydrogen and water vapour corresponding to this

ratio acts neither on iron nor on iron oxide. The ratio is, moreover, also

dependent on the temperature.

The two apparently opposed experiments of p. 126 and p. 142 proceed

as follows : If iron is heated in water vapour a portion of the latter is

decomposed, and a corresponding amount of iron oxide formed. The

gas mixture, on being cooled in the pneumatic trough, loses the water

vapour it contains, which separates out in the liquid state, and only

hydrogen is collected. This is the experiment of p. 126.

On the other hand, if hydrogen be conducted over hot iron oxide,

a portion of it combines with the oxygen of the latter to form water
;

another portion of the hydrogen remains unchanged. On passing the

mixture through the colder part of the bulb-tube the water separates

out as a liquid and becomes visible ;
the remaining hydrogen escapes
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unnoticed. In this way the notion arises that in both cases entirely

opposite reactions take place.

140. Chemical Equilibrium. Where two opposite processes

mutually limit one another the state is called one of chemical equilibrium.
Whereas formerly the view was held that such a thing occurs only in

exceptional cases, there is now reason to assume that all chemical

processes lead to an equilibrium. In many cases of chemical equili-

brium, however, the concentrations of some of the reacting substances,

corresponding to equilibrium, are so small as to escape the ordinary
means of detection. The impression is then produced that the re-

action takes place only in one direction.

A long historical development lies buried in the statement that

at a given temperature chemical equilibrium is determined by the

concentrations of the reacting substances. For, although the fact that

the quantity relations of the reacting substances exercise an important
influence on the chemical equilibrium had been already known for

over a hundred years, it was a very long time before the correct form

was found for the law which obtains here. From the usual name,
mass action, one might conclude that the mass or amount of the reacting
substances is the determining factor

; this, however, is not the case.

Let us now suppose a state of equilibrium established under given
conditions between the substances just considered iron, iron oxide,

hydrogen, and aqueous vapour. Push, now, a partition into the

vessel in which the above substances are contained, so that a part of the

mixed gases is shut off from contact with the solid substances
;

no

change in the equilibrium can be thereby produced. For the gases
were in equilibrium with one another and with the solid substances, and

equilibrium in a uniformly filled space occurs at every point, and cannot,

therefore, be dependent on the size of the space filled. By the separa-
tion here imagined, however, the absolute amount of the gases in

equilibrium with the solid substances is changed. The absolute amounts

cannot, therefore, be determinative for the equilibrium.

By the separation the gases present have been separated in the same

proportions, since they were uniformly distributed through the whole

space ;
otherwise no equilibrium would have taken place. It is, there-

fore, the relative amounts, or the ratio of the amounts, of the gases that

determine the equilibrium.
The simplest and most appropriate expression for the quantity

relations is got, not by representing them by the non-essential, absolute

amounts, but by the amounts present in unit volume, or the concentra-

tions of the gases or vapours present. This is the expression which we
chose to start with, and we again see from this example the importance
of the proper choice of the magnitudes, by which wfe express the laws

of nature. In fact, the development of the theory of chemical equili-

brium has shown itself to depend on the fact that the concentration

(formerly called active amount] was introduced as the determining factor
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after various unsuccessful attempts had been made to find the suitable

expression.
141. Influence of Solid Substances on Chemical Equi-

librium. The theorem includes as well the special law that the amount

of solid substances has no influence on chemical equilibrium. For the

concentration of solid substances is expressed by their extensities, and
can scarcely change ;

both the pressure and the temperature change
this volume to such a small extent that it is of no account for the present

purposes.
For the equilibrium between iron, aqueous vapour, hydrogen, and

iron oxide, it is, accordingly, quite indifferent how much of the two
solid substances, iron and iron oxide, is present, and in what proportions

they are present.
At first sight this law appears somewhat strange, and was formerly,

indeed, occasionally held in doubt. One can convince one's self, however,
of the necessity of such a law by the same course of reasoning as we
have just employed in the case of the gaseous portion ;

if equilibrium
has once been established, it cannot be altered by a spatial separation
of any one part of the system which is in equilibrium from the other.

Moreover, we have already met with more simple cases of the same
law. The equilibrium between water and ice, or generally, between a

solid substance and its fused form at the temperature of fusion, is like-

wise independent of the amount in which the two forms are present

together. The same holds for the equilibrium between a liquid and its

vapour, and likewise, also, in the somewhat more complicated case of the

equilibrium between a solution and the solid substance with which the

solution is saturated.

For all these single laws we can put forward the general expression
that for equilibrium between different portions of the same system the

absolute amounts of these portions are of no account, but only the concen-

trations within the separate portions.
142. The Oxyhydrogen Flame. The large amount of heat set

free in the combustion of hydrogen causes the temperature of the

hydrogen flame to reach a high point. In the case of combustion in

air the temperature does not rise so high, since the heat is distributed

over the other gases in the air (p. 108). Much higher temperatures are

obtained on burning hydrogen in pure oxygen.
The combustion may suitably take place in the Daniell burner (Fig.

52). This consists of two tubes placed one within the other, the mouth

of one being placed behind that of the other. By means of suitable

connections and taps hydrogen may be led into the annular space

between the tubes, and oxygen into the inner tube. If hydrogen alone

be first allowed to pass in, it burns with the usual pale blue flame at the

expense of the surrounding air. A platinum wire held in the flame

becomes white hot, showing that even this flame is fairly hot
;
the wire,

however, does not melt. If the oxygen tap be now opened the flame

L
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becomes smaller and brighter, and at the same time a hissing noise is

heard. If a platinum wire be now brought into the flame it immediate ly
melts with scintillation. A watch spring immediately becomes white

hot and burns with brilliant scintillations. Quartz, felspar, and similar

fire-resisting minerals, melt to glassy masses.

The temperature of this flame, which can be estimated at 2000, is

so high that only a few substances can withstand it without melting.
One of these few substances is quick-lime. If a piece of it be held in the

flame it becomes white hot, and emits a dazzlingly bright light. Not
until it has been heated a considerable time does the spot struck by the

flame show signs of superficial melting (sintering).

The oxyhydrogen flame is therefore used for the purpose both of

melting difficultly fusible substances and of obtaining a bright light.

FIG. 52.

For this first purpose it is employed especially for melting platinum ;

the lime-light is used chiefly for projection purposes with the magic
lantern. For the latter purpose it is convenient to use the gases com-

pressed into steel cylinders under a pressure of a hundred atmospheres, in

which form they have for some time been placed on the market (Fig. 53).
When such cylinders are not available, use is made of gas-holders

or gasometers. These are large vessels, constructed usually of metal,
but sometimes of glass, in which considerable quantities of gas can be

collected, stored, and manipulated. In the case of the cylinders referred

to above, different quantities of the gas are introduced into the same

space by alteration of the pressure ;
in the case of the gasometers,

however, the volume of the vessel is made to vary either by allowing
water (or some other liquid) to flow in or flow out, or by making the two

parts of the vessel movable within one another. In this case, also, a

liquid seal is necessary to render it air-tight. To this and to the
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necessity of employing very wide vessels for moderately large amounts
of gases, are due the disadvantages of the gas-holders as compared with
the pressure cylinders.

The simplest form of gas-holder is shown in Fig. 54. It consists of a
"

bell," i.e. a cylinder open at the bottom, suspended in a sealing liquid.
The tube furnished with a tap allows of the introduction or withdrawal
of the gas, and by means of sonle simple guiding arrangement the bell-

jar is kept perpendicular when raised by the introduction of gas. The

pressure acting on the gas can be reduced at will by means of the counter-

poise, but it does not remain quite constant with rise and fall of the belL

FIG. 53. FIG. 54. FIG. 55.

On account of the large amount of water which is necessary, this

apparatus is suitable only for small operations or as a permanent

erection. The amount of water can be greatly reduced by placing a

cylinder inside the vessel of water in such a way as to leave only an

annular space filled with water (Fig. 55). The inner cylinder can be

closed at the top or remain open. In the latter case the storage space

is doubled, but the complete expulsion of the gas is impossible. It is the

form which is most largely employed, and it is on this principle, more

particularly, that the enormous gasometers of coal-gas works are built.

A gas-holder without movable parts, which is largely used in

laboratories, is shown in Fig. 56. To use this, it is first filled with water,

and the gas is then introduced either through the tube h or by inserting
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the delivery tube of the generator in the tubulus s. In either case the

displaced water passes out through the latter. When the holder has

been filled, the tubulus s is closed by a screw cap and the tap h also closed.

Water is then poured into the upper vessel. On opening the tap w,

water flows into the holder and subjects the gas to a pressure correspond-

ing to the height of the column of water. Under this pressure the gas

escapes when the tap h is opened. When no more gas is required, the

taps w and h are closed.

The short tube g, which is furnished with a tap, can be used for

filling larger vessels. These are placed mouth downwards in the upper
vessel of water over the open end of the tube g. On opening w and g,

water passes down through w, and a corre-

sponding amount of gas escapes through g.

The water-level r serves to indicate how
much gas is present in the gas-holder, when
the latter is not made entirely of glass.

143. Detonating Gas. The Daniell burner

is so arranged that the two gases can only mix

immediately before they are burned. If it be

attempted previously to mix oxygen and hy-

drogen, so as to be able to burn them from a

single tube, it is found that the whole stock of

mixed gases instantly takes fire and combines

with a loud report, the vessel usually being
shattered. This explosion is very violent, and

with somewhat larger quantities becomes

dangerous. One must, therefore, avoid in-

flaming mixtures of hydrogen and oxygen
without taking suitable precautions. Such

mixtures, called detonating gas, are always formed when a freshly

charged hydrogen apparatus, which is partially filled with air, is put in

use. If the gas which is first evolved be collected in small tubes and

brought into contact with a flame, the first samples behave like air and

exhibit no special phenomena. Soon a gas is obtained which takes

fire with a whistling noise, the flame rushing into the tube. These

phenomena first become more marked and then weaker, and, at length,

when all the air has been driven out of the apparatus, the gas burns

quietly just as pure hydrogen does.

On account of the danger of an explosion, one must never omit to test

in the above manner the hydrogen taken from a generator or gas-holder

which has stood some time, to see if it explodes. Should it explode, the

gas must be allowed to stream for some time out of the generator until

a sample in a small tube is shown, by its combustion, to be pure. The

contents of a gas-holder must, without fail, be rejected if they have

assumed explosive properties.
The characteristic property of the explosive mixture is seen very

FIG. 56.
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clearly by preparing a mixture of two volumes of hydrogen and one of

oxygen, and passing it into soap-water, so that a froth of bubbles filled

with the explosive mixture is formed. If this froth be set on fire (after
the rest of the mixture has been removed) it burns with a report like the
shot of a gun.

144. Further Particulars concerning the Combustion of

Detonating
1

Gas. While at comparatively high temperatures the

combination of hydrogen and oxygen takes place with great violence,.

the two gases can be left in contact with each other at the ordinary
temperature for a very long time without

chemical action taking place between them.

This behaviour changes when certain

metals are introduced into the gas mixture,
and in this respect platinum (p. 103) is the

most effective. If a piece of pure platinum
foil be allowed to project into a tube contain-

ing the explosive mixture standing over water,

the volume of the gas quickly diminishes, and

in certain circumstances the platinum becomes

so warm, owing to the heat of combination,
that it glows and causes the explosion of the

mixture.

Since the platinum foil, being a solid sub-

stance, can act only at its surface, its effect

increases as the surface is enlarged. Platinum

can be obtained, by means of chemical re-

actions, in a finely divided, spongy state. Such

spongy platinum very quickly becomes incan-

descent in the explosive mixture and causes an

explosion.
To moderate the reaction, the spongy

platinum, in the form of a powder, is mixed

with clay and formed into balls. The mass acted on by the heat

produced is thereby increased and the temperature kept lower
;
these

balls, therefore, effect a fairly rapid formation of water from the

mixture of oxygen and hydrogen, but not ignition. An apparatus
in which this phenomenon can be well shown is represented in Fig. 57.

Many other metals act in the same way as platinum, most of them,

however, only at a somewhat higher temperature.
The platinum, and no less the other metals, undergoes no change

during this action. Also, a given small quantity of platinum can con-

vert unlimited amounts of the explosive mixture to water
;
the action

of the platinum, therefore, does not, as in the case of a chemical com-

bination, take place in definite proportions, but is independent of the

relation between the amounts of the gas mixture and the platinum.

Reactions of this kind occur very frequently in chemistry. Not
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only can other gas mixtures be caused to enter into chemical reaction

by means of platinum and other metals, but liquid and gaseous sub-

stances also -can exert such actions in liquids and gases ; by means of

these, chemical reactions which do not or do not appreciably take place
without them proceed rapidly, and the acting substances can cause

unlimited amounts of the other substances to react.

145. Catalysis. For the sake of having a short designation for

these important phenomena, we shall call actions of this kind catalytic.

The substance, through the presence of which the action takes place
without itself passing into the products of the reaction, is called the

catalytic substance or catalyst. The process itself is called catalysis.

To gain an understanding of these phenomena we recall the con-

sideration put forward on p. 109, according to which innumerable sub-

stances, between which chemical reactions could occur, can remain in

contact with one another without our being able to detect such actions.

At that time it was explained that the most appropriate interpretation
of these facts is that in all such cases the possible chemical reactions

do, as a matter of fact, take place, but to such a small extent or with

such slowness that they cannot be detected in a measurable time.

The following shows that this view is quite compatible with the

universal experience. By time measurements of the progress of many
chemical reactions, the approximate rule has been obtained that the

velocity of chemical reactions is, on an average, doubled by a rise of

10 in the temperature. That is to say, if a reaction at a given tempera-
ture requires, say, a quarter of an hour to reach a certain point, at a

temperature 10 higher it would require only 7J minutes, and at one 10

lower 30 minutes. If the temperature is lowered 100, a 210= 1024

times longer period is necessary, or in our example, about 11 days. On

descending farther 50 or, on the whole, only the moderate amount of

150, it would be a year before the reaction had proceeded as far as it

had done in a quarter of an hour at the higher temperature.
It agrees, therefore, very well with general experience to regard the

possible chemical reactions in the cases mentioned as actually occurring,
and escaping detection only through their very small velocity. So also

the height of a hill or the form of a coast appears to us as something
definite and unchangeable, although we know that every hill is un-

ceasingly becoming lower, by the gradual falling down of the rock of

which it consists into the valley, and that every coast is changing its

shape under the action of the waves.

Substances by whose presence slowly occurring reactions are accelerated

are designated as positive catalysts. Since we are dealing here only with

changes in the velocity of reactions which would take place in any case,

these catalytic actions lose to a great extent the quality of unexpected-
ness which at first sight they appear to have. 1

1 Besides the positive catalysts or accelerators^ negative catalysts or retarders are

also known.
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To obtain a picture of the way in which a catalyst acts, imagine a

wheel-work in which the axles move with great friction, as a result, say,
of the oil having become thick, and which therefore runs down only very

slowly. If a little fresh oil be placed on the axles the wheel-work forth-

with runs down much more quickly, although the available tension of

the spring (which corresponds to the work available from the chemical

reaction) is in no way altered by the oil. The action of a catalyst may
be compared with that of the oil in this respect, and also with respect to

the fact that the oil is not used up in acting.

We shall soon have an opportunity of studying other peculiarities

of catalytic actions.
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WATER

146. General. The product of the interaction of oxygen and hydrogen,
or the compound of these two elements, has shown itself, in all investiga-
tions of this point which have been made, to be identical with the water

which we find so very widely distributed in nature. In accordance

with the law of the identity of the properties in all specimens of a given

substance, we may proceed to a scientific investigation of water with

that which occurs ready formed in nature, without having first to prepare
it for this purpose from its two elements.

Water is one of the most widely distributed substances in nature.

Not only are -f-ths of the earth's surface covered with liquid water, but

our atmosphere also contains enormous quantities of water in the

gaseous state, and in the polar regions and mountain heights solid

water takes an essential share in the structure of the earth's surface.

In addition to this the solid portion of the earth's surface is everywhere

permeated with water
;
water is indispensable for the building up of the

vegetable and animal structures, and where organic life is seen there also

is water present.
147. Preparation of Pure Water. Naturally occurring water is

never quite pure, since it always comes into contact with other sub-

stances and partially dissolves them. The preparation of
"
absolutely

"

pure water is an impossibility, for the very reason that one cannot

exclude vessels of some kind, some portions of which can always be

dissolved. On the other hand, it is not a matter of very great difficulty

to prepare a water which, towards most tests, behaves as pure.
The method most used for obtaining such a water is to convert it

temporarily into vapour. To demonstrate the effect of distillation, a

quantity of water is coloured with ink and distilled from an apparatus,
such as is shown in Figs. 22 and 23. The water passes over colourless

and tasteless.

148. Properties Colour. At ordinary temperatures water is

a transparent, colourless liquid. This absence of colour, however,
is only apparent ;

in thick layers water exhibits a distinct, fine blue

152
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coloration, which is peculiar to pure water and is not in any way due
to admixtures. The blue coloration is produced owing to the fact

that water absorbs yellow and red rays, i.e. converts them into heat
;

when these are withdrawn from white light the complementary colour,

blue, remains. This blue colour is seen in lakes and seas containing

very pure water
;
in most cases of naturally occurring water it is masked

by the presence of coloured admixtures.

149. Density. As has already been mentioned, the density of

water has been taken equal to unity, the unit of mass, 1 gm., having
been ascribed to the unit volume 1 c.c. of water. Tnis number, how-

ever, holds only for the definite temperature 4, since the density of

water, like that of all other substances, changes with the temperature.
In the case of water this change occurs in a manner essentially

different from that in the case of other substances. On heating water

from upwards the density does not decrease, as is usually the case,

but it increases. At 4 water attains its maximum density, and this is

the reason why this temperature has been chosen for the definition of

unit density. From 4 onwards the density of water, as of all other

substances, decreases with rising temperature, and at 100 amounts to

about ^th less than at 0. The extensity, or the specific volume,

behaves in the reverse manner
;

it has its smallest value at 4, and at

all other temperatures its value is greater.

The following table gives a summary of the. relation between the

temperature and the density and extensity of water :

d e.

0-999874 1-000127

4 1-000000 1-000000

10 0-999736 1-000265

20 0-998252 1-001751

30 0-995705 1-004314

40 0-99233 1-00773

50 0-98813 1-01201

60 0-98331 1-01697

70 0-97790 1-02260

80 0-97191 1-02890

90 0-96550 1-03574

100 0-95863 1-04315

The same relation can be represented by the geometrical method

described on p. 118, the temperatures being .taken as abscissae, and the

extensity as ordinates. In this way we obtain Fig. 58, which represents

the relation of the volume to the temperature.

The decrease in the extensity between and 4 is so small that

it cannot be represented in the figure. It would cause a lowering of

the curve by only T <jth mm. To represent it the scale of temperatures,

as well as that of volumes, must be considerably increased. A suitable

diagram would be obtained by taking the temperatures ten times,

and the volumes a thousand times, as great. Our drawing would,

however, thereby become much too large. If, however, we examine
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smaller and smaller till it becomes zero, the change of the other

magnitude also becomes zero.

It follows from this that when two (not too remote) values Ax and
A2 of the first magnitude are given, to which there correspond the
values B]_ and B2 of the second, the values of B, corresponding to values
intermediate between Ax and A2 ,

lie between B
x and B2 .

If the values A1 and A2 are sufficiently close, one may even assume
a proportionality between the two series of values. If A^ is a value
intermediate between Ax and A

2 ,
and B^ the corresponding value of

the other magnitude, we may write the following equation :

from which we find Ex to be,

This formula allows of the calculation of intermediate values which
have not been determined, from the measured values on either side of

them. It is all the more exact the closer the measured values are to

one another. If in any given case it is not exact enough, it can be

replaced by a more complicated formula, which also depends on the

principle of continuity, which, however, will not be deduced here.

The process which we have just described is called interpolation.
The method will be familiar to the reader from the use of logarithm

tables, where the values of the logarithms or numbers not given in the

tables are obtained from the adjacent ones by means of such a calcula-

tion by proportion.
It lies in the nature of what we have just been considering that

the method can be used only for obtaining intermediate values, and may
by no means be extended beyond the region of measurement. Such a

method extrapolation is applicable at most only in closest proximity
to the last point measured, and readily leads to errors if extended

more widely. Such errors due to extrapolation have not unfrequently
been made in science.

It must further be mentioned that although in nature continuous

processes form the rule, interrupted ones are not excluded. These,

however, are always easily recognised, since when one property changes

discontinuously most of the others undergo simultaneously a dis-

continuous change, so that a general change of state forces itself on the

observation.

151. Graphic Representation. These remarks become very

clear if the interdependence of the magnitudes be represented by a line,

according to the directions on p. 118. Only single points of such a line

can be determined experimentally, and the intermediate parts are,

to start with, unknown. The law of continuity, however, entitles us
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to join these single points by a continuous line, passing without break or

fluctuation through the points determined by measurement. This

line then represents the desired relation for all intermediate values

of the variable magnitudes, and replaces the interpolation formula

given on p. 155.

The graphic representation is, in many cases, to be preferred to

calculation. Interpolation by calculation, which presupposes pro-

portional changes of the two magnitudes, is represented graphically by
the assumption that the line between the points employed is straight.
Even for curved lines this is so much the less removed from the truth

the more closely the points are chosen, as can immediately be seen

from a glance at Fig. 60. If, however, the points are rather further

apart, it is much easier to make the path of the line approach the truth

by the graphic method than by
calculation, which in this case is

rather complicated.
Other cases of such inter-

dependence may be treated in the

same way, if the general law is

known which connects the magni-
tudes. Thus, the calculation of the

influence of the pressure and the

temperature in the case of gases
would not be more simple by the

use of the formula pv = rT for each

single case than interpolation from
a table or reading off from a curve. For the expansion of water by
heat, however, such a general formula is not known, and interpolation
or a curve is therefore the only aid to its representation.

152. The Coefficient of Expansion. The ratio between the

change of the extensity and that of the temperature is called the co-

efficient of expansion. In the case of gases this is independent of the

temperature, since, of course, the graduation of the scale of temperature
was defined in such a manner that the degrees were made proportional
to the expansion. For every degree, therefore, the volume increased by
the same amount. In the case of water it is otherwise. Below 4

the expansion is negative ; that is to say, as the temperature rises the

volume becomes smaller. This continues to 4
; beyond this the

coefficient of expansion becomes positive. It does not, however,
retain its numerical value unchanged, but the ratio of the two changes,
or the increase of volume per degree continually increases.

These peculiarities are pictured in the curve in an easily intelligible

manner. So long as the coefficient of expansion is negative the curve

sinks downwards to the base-line
;

the positive coefficient conditions

an ascending of the curve. The fact that the coefficient increases with

rising temperature produces a curvature with the convex side downwards;

FIG. 60.



x WATER 157

if it decreased with rising temperature the curve would be concave on
the under side. A straight line would be the criterion of a coefficient

which did not depend on the temperature.
It follows from this that at 4 the coefficient of expansion of water

is zero, for the tangent at the lowest point of the curve is horizontal,
and indicates, therefore, no increase at all. In the neighbourhood of

4 the coefficient of expansion is not zero, but is very small. The error

in the density, corresponding to a given temperature error, is therefore

smaller in this region than anywhere else. This remark is of importance
for the derivation of the unit of mass from the unit of volume, by means
of water at 4.

153. The Compressibility of Liquid Water. The volume of

water can be affected by change of pressure as well as by change of

temperature. This variability is, however, still smaller than that due
to the temperature. At 20 the coefficient of compressibility of water
is equal to 0*000046, i.e. I c.c. of water decreases in volume by 0*000046

c.c. when subjected to a pressure of one atmosphere. This number

depends, in a rather complicated manner, on the temperature, as can

be seen from the following table :

Coefficient of Compressibility of Water.

51-8 xlO-6 60 41-2 xlO-6

10 48-5 62 41-1

20 46-1

30 44-1

40 42-7

50 41-7

70 41-2

80 41-5

90 42-1

100 43-0

154. Ice. At water passes from the liquid into the solid state

and is converted into ice. So long as water and ice are present together
their temperature is always 0.

This temperature, however, is produced exactly only when the

water is pure. If it contains foreign substances of any kind in solution,

the temperature at which the solution is in equilibrium with ice is lower.

The ice which freezes out from such a solution, however, is pure (p. 71) ;

and the formation of ice from impure water is a method of obtaining

pure water just as the formation of steam is.

Ice is a transparent substance of a bluish colour, which, in com-

paratively thick layers, e.g. in the fissures of glaciers, appears as a fine,

pure blue. Its density is considerably less than that of water at the

same temperature, for at 0.it is only 0*91674 as compared with that of

water, 0'99987. Conversely the extensity is greater, being equal to

1-09083 as compared with 1*00013 in the case of water ;
1 c.c. of water,

therefore, on freezing, increases in volume by 0*09070 c.c., i.e. by about

Tyth.
In this respect water forms an exception to the usual behaviour of

substances on freezing, whereby a diminution of the volume or increase of

the density almost always occurs. For this reason ice floats on water,

whereas solid substances sink in their melts.
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Ice is a crystalline substance, i.e. a substance whose properties vary
in a regular manner with the direction in the piece. The most con-

spicuous consequence of this variation with the direction is the outward

form which such a substance assumes when it is allowed to pass into

the solid state undisturbed by outward influence. This is, however,

by no means the only peculiarity of this kind
;
on the contrary, all

properties in crystals which can vary at all with the direction are

dependent on this.

In contradistinction to the crystalline substances which possess the

peculiarity just mentioned, there are the amorphous substances in

which that peculiarity is not present. Glass, for example, is an amor-

phous substance. Two rods, cut in any directions out of a larger piece
of glass, behave in all respects identically when they have the same

shape. On the other hand, two rods of ice, one of which is cut, say,

parallel, the other perpendicular, to the face of a naturally formed sheet,
behave differently ;

for example, one breaks much more easily than
the other.

The crystalline nature is seen most clearly in ice which has been

able to assume its shape undisturbed. Thus, the ice on the surface of

freezing masses of water first forms in long needles, joined to one another

at an angle of 60, and the ice flowers on window-panes are likewise

an expression of the crystalline nature of ice.

The crystals, however, of which snow consists can form in the

least disturbed manner, for they form floating in the air. As a rule,

certainly, these crystals are small and indistinct
;
under certain cir-

cumstances, however, they grow so large that they can be seen with the

naked eye. They then usually appear as flat stars, developed according
to a threefold symmetry. Some snow crystals are shown in Fig. 61.

The property of occurring in crystalline shape is a very wide-

spread peculiarity of solid substances, and the formation of crystals

may generally be denoted as a property of pure substances. The

amorphous state, on the other hand, is confined almost entirely to

mixtures. The crystalline form is an important characteristic of solid

substances, and we shall repeatedly have an opportunity of discussing
these relations later.
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If the amount of heat required to melt 1 gm. of ice be measured,
it is found to be 79 cal. If, therefore, 78 gm. of water be mixed with

1 gm. of ice, the temperature of the whole, after the fusion of the ice,

will be exactly 1 lower. This amount, 79 cal. or 330 j, is called the

heat offusion of ice.

155. Application of Ice. Numerous technical and scientific

applications of ice are due to the circumstance that it absorbs such a

large amount of heat on melting. Thus it is used for preserving meat

and other food-substances, the harmful processes of decomposition,
which cause the meat to become bad, being at the temperature of

hindered or at least greatly retarded. Its application in science depends
on the constancy of its temperature of fusion

;
even large spaces can,

with its help, be kept for any length of time at the unvarying tem-

perature of 0, and phenomena, therefore, which are dependent on the

temperature can be observed without disturbance from that side.

Thus, for example, the very exact comparisons of the standard metre

measures are carried out in melting ice.

If ice be brought together with salt, or with similar readily soluble

substances, a solution is produced, the freezing point of which is much
lower than that of ice, and the temperature sinks considerably under

;
it sinks to the temperature of the freezing point ol the solution

produced. This phenomenon conditions the application of ice to

freezing mixtures. With common salt a temperature as low as - 18

can be obtained by using three parts of ice to one part of salt.

Another application of the same phenomenon is the melting of

snow by means of salt, which is employed as an expeditious means of

freeing tramway lines from snow.

156. Water Vapour. Where the space for it exists, water and

ice pass at all temperatures into the colourless water vapour, and the

process continues until a certain density, which is dependent on the

temperature, is reached (p. 50).

The vapours of volatile liquids possess a density and extensity as

well as the ordinary gases. But the circumstance that vapours fre-

quently cannot be observed under normal conditions, i.e. under a

pressure of 76 cm. mercury and at 0, since under these conditions they

pass into liquids, calls for some remarks.

Since, however, vapours, so long as they remain in the gaseous

state, likewise obey the gas laws,
1 the density and specific volume

(extensity) are calculated on the supposition that the vapours would

remain gaseous also under normal conditions, and would behave accord-

ing to the gas laws. This is done for the purpose of retaining the ad-

vantage of comparison with the gases. By choosing the pressure of

1
Vapours, like gases, deviate from the simple gas laws when their density exceeds a

definite value. The point at which this occurs, it is true, usually makes its appearance

sooner in the case of vapours than in the case of gases. It is dependent on the natui

the substance.
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Ol cm. as normal pressure, the normal condition could be made a

practicable one for many vapours, including the vapour of water
;

this would, however, not be the case for all substances. No disadvan-

tage, however, arises from employing the usual calculation, since in

using it we are always dealing only with an arithmetical relation.

Measurements of the density of water vapour have shown it to be

0*0008045, calculated for the normal conditions, and its extensity
1243 c.c. In other words, 1 c.c. of water vapour at 0, and under a

pressure of 76 cm., would weigh 0'0008045 gm., and 1 gm. would occupy
the volume 1243 c.c.

For chemical purposes it is better to refer the densities to the normal

gas, defined on p. 132, i.e. we calculate the molar weight of water vapour.
This is found, by dividing the absolute density of water vapour by that

of the normal gas (0'00004466), to be 18'02.

157. The Water Vapour in the Air. Water in the form of

vapour is contained in the atmospheric air, but by no means in so large
amount as it could be. In view of the distribution of water on the

earth's surface, one might expect that the air would contain as much
water vapour mixed with it as corresponds to the vapour pressure at

the prevailing temperature. If, however, a determination be made, it

is found that the air is not
"
saturated

"
with water vapour, but con-

tains, on an average, only three-fourths of this amount. The amount
varies with the state of the weather, and one speaks, therefore, of moist

or dry air. Still, air which is called moist scarcely ever contains as

much water vapour as it could contain, and air which is called dry

may contain as much as half the maximum amount.

The cause of this lies in the great variableness of the vapour pres-
sure with the temperature, as is seen from the following table, which

gives the amount of water in grams contained in 1 c.< of air at the

saturation point.
Water Vapour

Temperature. in gm.

4-9

5 6-8

10 9-4

15 12-7

20 17-1

25 22-8

If, at one point, the air has taken up as much water vapour as

corresponds to the vapour pressure, and it reaches a place where it

becomes warmer, it becomes unsaturated, i.e. the concentration of

water vapour in it is smaller than corresponds to the equilibrium. On
the other hand, if the air falls to a lower temperature, part of the water

separates out in the liquid or solid form, as dew, rain, or snow, and on

being heated again to its formertemperature the air is again unsaturated.

The differences of temperature, therefore, at the earth's surface con-

tinually act so that the air contains less water vapour than corresponds
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to saturation, and for this reason our atmosphere is almost never

completely saturated with water vapour.
The presence of aqueous vapour in the air is so far of importance to

the chemist that all objects exposed to the air take up more or less

water. Not only do substances which are soluble in water, such as

salt and sugar, become moist in air containing water, but also insoluble

substances, such as glass, stones, metals, textile fabrics, become covered

with a thin film of water, which must, when necessary, be taken into

account. The amount of water taken up depends on the nature of the

substance, and is, for the rest, proportional to the surface. Bodies

with a large surface, powders and cellular structures, such as are pro-
duced in plants, take up a specially large amount of water corresponding
to their large surface.

This water does not have the properties of liquid water. Not

only does the object not feel wet, but the vapour pressure of this surface-

held water also is lower than that of liquid water at the same tempera-
ture, and it is all the lower the

smaller the amount of water on a

given surface.

In many cases it is necessary
to remove this water. For ex-

ample, to obtain the exact weight
of a body in powder, it must be

weighed without its film of water.

The most simple means of freeing

the body from this consists in

it, for as the temperature
rises the vapour pressure of the surface water also increases, and the

latter escapes into the relatively dry, hot air. If, however, it is not

allowable to raise the temperature of the body it is dried by being

placed in dry air. For this purpose glass apparatus called desiccators

are used (Fig. 62). They contain a substance which combines with

water and withdraws this from the air. Into this dry air there again

evaporates water from the Substance to be dried, and this process goes

on until the vapour pressure of the water on the substance has become

as small as that of the water combined with the desiccating substance.

Some such desiccating substances have been previously mentioned

(p. 131) ;
others will be mentioned as occasion serves.

Since the drying process, as above described, depends on the move-

ment of the water vapour from the body to the drying substance, it will

take place all the more quickly the more rapid this movement is. If,

therefore, we fill the desiccator with hydrogen instead of with air the

body will dry more quickly, because the diffusion of the aqueous vapour

takes place more quickly through the lighter hydrogen than through

the heavier air. The drying, however, proceeds most quickly when

the desiccator is exhausted, because the movement of the aqueous
M
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vapour then takes place without any hindrance. It would be a mistake
to suppose that the substance would be brought to a higher degree of

dryness in an exhausted desiccator than in one containing air
;

for

the vapour pressure is the same whether air is present or not. The
whole difference is one of rapidity, and in a given limited time a substance

would certainly become drier in an exhausted desiccator than in one

containing air.

We must also take into consideration here, that as the body becomes
drier its vapour pressure diminishes. Since, now, the passage of the

vapour to the desiccating substance takes place all the more quickly
the greater the concentration of the water vapour, there lies a retarding
factor in the progress of the drying itself. This is a universal pheno-
menon. When any state of equilibrium strives to establish itself

with a certain velocity, this velocity diminishes in the same measure
as the state of equilibrium is approached, for in general the velocity
of every process is proportional to its distance from the position of

equilibrium.

Among other things it follows from this, that, strictly speaking,

every state of equilibrium will be reached only after an infinitely long
time. Since, however, our means of measurement are of limited

accuracy, a state is in many cases reached even after a short time

which practically cannot be distinguished from the state of equilibrium.
On the other hand, it is important to know that there is no substance

which dries absolutely. Every substance which takes up water can

also give up water, and drying substances are merely substances which

give off water with a very small pressure. In this sense sulphuric acid

is a better drying agent than calcium chloride.

158. Water as Solvent. Numerous substances form solutions,

i.e. pass into homogeneous liquids, with water. These still exhibit

essentially the physical properties of water, but also other properties,

depending on the substances dissolved. The property of forming
solutions is of the greatest importance in chemistry, since chemical

processes occur most readily between liquid substances. The range
of chemical phenomena would therefore be much more limited and
difficult of access than it is if the formation of solutions did not occur.

By this means the soluble solid bodies and gases are rendered capable
of reaction, and one of the most frequent preliminaries to chemical

operations consists in bringing the participating substances into solution.

By reason of the dissolved substances the properties of water

undergo continuous modification, which is so much the greater the

larger the amount of dissolved substance. The vapour pressure of

water, more especially, is always diminished by dissolved substances,
and the diminution is proportional to the dissolved amount so long as

this does not exceed certain limits (in round numbers, a tenth of the

weight of the water). As a rule this is joined with a rise of the boiling

point ; only in the case where the dissolved substance itself is volatile
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does it take part in the vapour pressure, and then the boiling point may
fall through the addition, although the partial pressure of the water

vapour in the vapour mixture is always less than the pressure of pure
water at the same temperature.

For the rest this influence obeys definite and very remarkable laws,
of which we shall presently speak (Chap. XL).

The freezing point of water is quite similarly affected by dissolved

substances, sinking proportionally to the amount of dissolved substance.

This law also, like the foregoing one, holds only for dilute solutions.

159. Relations between the Changes of the Vapour Pres-
sure and of the Freezing Point. The phenomena of the lower-

ing of the vapour pressure and of the freezing point by dissolved sub-

stances are interdependent. As was explained on p. 60, water and
ice at are in equilibrium because at this temperature both have the

same vapour pressure. If, now, the vapour pressure of water is

diminished through the solution of a foreign substance, the solution can
no longer be in equilibrium with ice

at 0, but only at a temperature at

which both pressures are again equal. ;

If in Fig. 63 w represent the vapour

pressure curve of liquid water and
i that of ice, the vapour pressure
curve of a solution will, according to .

what has been said, have the position o

s. The identity of the vapour pres- FlG> 63-

sures of solution and ice occurs at

the point where the two curves i and s cut in any case, therefore,

below and this point will be so much the lower the more the

vapour pressure of the solution has been diminished. A constant

relation, therefore, which is independent of the nature and amount of

the dissolved substance exists between the lowering of the vapour

pressure and of the freezing point. Solutions which exhibit the same

diminution of the vapour pressure must also exhibit the same lowering
of the freezing point. Stated in numbers, the relation is such that a

solution whose vapour pressure is T^th less than that of pure water

freezes 1-02 lower than pure water.

The regularities which have been set forth here in the case of

aqueous solutions are not restricted to these, but are, on the contrary,

universally valid for liquid solutions of every kind.

160. Chemical Properties of Water. The reactions which occur

by the action of water on other substances are, on the one hand, deter-

mined by the fact that it is a derivative of oxgyen and hydrogen, so

that it can give rise to other oxygen and hydrogen compounds. On

the other hand, water can combine with substances without the elimina-

tion of one of its components. Such compounds are called hydrates,

from the Greek name for water.
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We have already become acquainted with some of the former class

of reactions, namely, those which led to the production of hydrogen,

whereby the substances added combined with the oxygen. Reactions

whereby, conversely, the hydrogen is bound and the oxygen set free

are also known, and will be discussed later (Chap. XIV.).
The compounds produced by the taking up of both the elements

of water, which are called hydrates, are very various in kind. Many of

them can again be resolved very readily into their components ; by
a rise of temperature, especially, water is formed from them as vapour.
In the case of such hydrates it is usually assumed that they contain

the water
"
as such," in contradistinction to such compounds as do not

give off water. This method of expression, however, has no definite

meaning (cf. p. 82), and closer investigation shows that an unbroken
transition exists between the two classes, all the hydrates being capable
of being arranged in a connected series, according to the ease with which

they give off water. The measure of this readiness is the pressure of
the vapour above these substances at a definite temperature.' We shall

enter more fully into these relations at a later point (Chap. XXIV.).
Water, likewise, frequently exercises an influence on chemical

reactions through its two components, oxygen and hydrogen. Since,

for the reasons just given (p. 162), most chemical reactions are carried

out in aqueous solution, we have in all these cases the further possi-

bility of the water also acting chemically.
This consists, essentially, in the fact that in chemical reactions the

elements of water can, at the same time, leave or enter a substance.

If hydrogen be conveyed to a substance containing oxygen, the latter

may either take up the hydrogen, or it can also lose oxygen, which is

then eliminated with the hydrogen as water. Likewise, a substance

containing hydrogen can, in contact with oxygen, become either richer

in oxygen or poorer in hydrogen, the oxygen in the first case being

simply taken up, in the second case forming water which is

eliminated.

The taking up of oxygen is called oxidation
;

its withdrawal, reduc-

tion. In the sense of what has just been said, however, the result of

the oxidation can be a decrease of the hydrogen instead of an increase

of the oxygen ;
in the same way, a reduction can result in an increase

of the hydrogen instead of a loss of oxygen. In aqueous solution it

is frequently not an easy matter to decide which of the two possibilities

has occurred. It is, therefore, generally agreed to regard the taking up
of hydrogen also as a reduction in any given case, and the loss of hydrogen
as an oxidation. We shall also continue to use these expressions in

the double sense.

161. The Quantitative Composition of Water. The experi-
ments described on pp. 126 ff., which demonstrate the composition of

water from oxygen and hydrogen, can, by suitable elaboration, be used

to establish quantitatively the proportions of these two elements. Two
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questions arise here : that of the ratio of the weights and that of the

ratio of the volumes of oxygen and hydrogen.
The ratio of the weights, a knowledge of which is of importance

for chemistry, was first determined with some degree of exactness

(by Berzelius and Dulong, 1819) in the following way : In a glass
tube there was placed a weighed quantity of oxide of copper, i.e. a

compound of oxygen with copper, and, while being heated, pure, dry

hydrogen was passed over it. Water was thereby produced, and

copper remained behind in the tube and was weighed. The water

was carefully collected, its last vaporous portions being retained by
calcium chloride (p. 131), and likewise weighed. From this the follow-

ing data were obtained :

The weight of the oxygen in the water produced is equal to the loss

in weight of the copper oxide, which has yielded up its oxygen for this

purpose. The weight of the hydrogen is equal to the weight of the

water produced, diminished by the weight of the oxygen contained in

it, according to the law of the conservation of weight. From this the

ratio is obtained in which the two elements are united to form water.

These experiments have subsequently been many times repeated
and modified, and have led to the following ratio :

Oxygen . ! . 0-8881

Hydrogen .
..

0-1119

Since on account of their small density gases can, of all substances,

be weighed with the least accuracy, it could not be hoped at the time

of Berzelius's and Dulong's experiments that sufficient accuracy would

be attained by the direct weighing of the gases and of the water pro-

duced from them. Recently this experiment also has been performed
on a large scale and with splendid accuracy by Morley, and has yielded

a result which is in entire agreement with that cited above.

162. The Ratio of Oxygen to Hydrogen by Volume. From

the known ratio of the weights in which oxygen and hydrogen combine

to form water, the ratio of the volumes can be obtained by multiplying

the weights of the gases by their extensities, or dividing by the densities.

The result of the calculation is as follows :

1 gm. hydrogen occupies, in the normal state, the volume 11,111

c.c.
;
0-1119 gm. therefore occupies 1243 c.c.

1 gm. oxygen occupies, in the normal state, the volume 699-84

c.c.
;
0-8881 gm. therefore occupies 621 c.c.

The two numbers 1243 and 621, however, are exactly in the ratio

2:1, i.e. two volumes of hydrogen and one volume of oxygen unite to

form one volume of water.

The question immediately arises concerning the volume ratio of

the water vapour produced. From p. 160 the extensity of water vapour

is found to be 1243
;

since the preceding calculation gives the volumes
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of the amounts of oxygen and hydrogen contained in one gram of water,
it is seen that the water vapour produced occupies, in the vaporous condi-

tion, exactly the same volume as was occupied by the hydrogen which has been

used up. Altogether, therefore, the volume ratios are as follows :

two volumes of hydrogen
and one volume of oxygen
give two volumes of aqueous vapour.

This calculation has, in the first instance, been carried out for the

normal state of the three gaseous substances, i.e. for the pressure of

one atmosphere and the temperature 0. Since, now, the ratio of the

volumes of any two quantities of gas always remains the same, how-
ever the common pressure and common temperature are altered, these

relations hold also for all other pressures and temperatures ;
therefore

they hold universally.
163. Decomposition of Water. We can convince ourselves of

the existence of this important relation in a clear manner, by decom-

posing water into its elements and measuring the volume of these.

Such a decomposition of water is most easily effected with the help of

the electric current. If such a current of sufficient potential and strength
be passed through water, the two constituents of the water are evolved,
in the form of colourless gases, at those points where the current enters

and leaves the liquid. One of these gases is readily identified as oxygen,
since it kindles a glowing wood-splinter. The other does not support

combustion, but can be ignited in contact with the air, and burns with

a pale flame
;

it is therefore hydrogen.
The processes in the decomposition of water by the electric current

are made up of the following phenomena : While, as is known, the

current is conducted through metals without any other change taking

place in the conductor than that it becomes more or less heated, there

is another class of conductors in which, it is true, a rise of temperature
also occurs which depends on the resistance in exactly the same way
as in the case of the metallic conductors or conductors of the first class.

Besides this, however, the current cannot pass in them without the

substances at the same time undergoing movement, some substances moving
in the direction of the current or in the direction of movement of the

positive electricity, others in the opposite direction. Both movements

always take place simultaneously, and are, as was discovered by Faraday
(1833), proportional to the strength of the current, i.e. to the amount of

electricity which passes.
So long, now, as the current is passing solely within the conductor

of the second class, this circumstance does not cause any noticeable

difference as compared with the processes which we know in the case

of conductors of the first class. So soon, however, as the current passes
from a conductor of the second class to one of the first, in which it flows

without the transportation of substance, an accumulation of the trans-
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ported substances must occur at the junctions of the two conductors
and these substances separate out.

Thus in water the hydrogen moves with the positive electricity, the

oxygen with the negative. At that point, therefore, where the positive

electricity passes out, the cathode, hydrogen appears ;
at the point

where the positive electricity enters, or where the negative electricity

passes out, the anode, oxygen appears.
In order to carry out the electrical decomposition, or electrolysis, of

water, therefore, the latter must be placed between two metallic con-
ductors which effect the passage of

the current. The apparatus have
different construction, according to

the purpose in view. An apparatus,
the purpose of which is not to allow

of the most advantageous electro-

lysis possible, but of a convenient

demonstration of the processes, is

represented in Fig. 64.

The water -1
is contained in a

U-tube, the limbs of which are

fairly long and closed at the top

by taps. At the lower part of the

tube platinum wires are sealed in,

and to these are attached two plates
of the same metal by means of

which the electric current is con-

ducted into the liquid. At these

plates oxygen on the one side, and

hydrogen on the other, are evolved,

the gases ascending in the limbs

and collecting underneath the taps.
The displaced liquid passes through
a third tube at the foot, and through
a rubber tube into a collecting vessel

at the side, which can be placed at any desired position. After the

current has passed some time and a sufficient quantity of gas has been

evolved, the following facts can be recognised :

The evolved gases do not occupy the same volume. On the con-

trary one appears in larger amount, and on making a measurement it

is found that its volume is twice as great as that of the other.

The smaller quantity of gas consists of oxygen which can be identified

by means of a glowing splinter.

The other gas, which is formed in double the volume, can be set on

1 For this experiment one does not use pure water, but a dilute solution of sulphuric

acid or caustic soda. The reasons for this and also the more exact discussion of the

electrolytic processes will be given at a later point (Chap. XIV. ).

FIG. 64.
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fire, burns with a pale flame, and proves, on closer investigation, to be

hydrogen.
164. The Law of Combination of Gases by Volume. In view

of the remarkably simple relation we have just met with in the case

of the combination of the gases hydrogen and oxygen, the question at

once arises whether we are dealing here with a more general law. After

this first relation had been established by Gay-Lussac and Humboldt

(1805), the former at once asked himself the more general question, and
in 1808 answered it to the effect that all gases which undergo chemical

transformation with one another, do so in the ratios of whole numbers, by
volume. If, therefore, any gases A1?

A 2 ,
A3 ,

. . . interact chemically
with one another, and form the gases B

1?
B2 ,

B3 ,
. . ., the volumes

occupied by the quantities of the interacting gases can be represented

by the equation

[in1A-L +m2A2 + w3A3 + . . .
= n

1
B

l + w2
B

2 + %B3 + . . .,

where m
l}
m2 ,

ms . . . and n
lt

n2 ,
n3 . . . are whole numbers, and

mostly small whole numbers.

Gases, therefore, react with one another in simple rational propor-
tions by volume, and the volumes of the gases produced likewise

exhibit simple relations to the initial substances.

If we imagine one of the reacting gases withdrawn from the total

amount, the ratio of the others will not be altered thereby. The law

we have enunciated, therefore, must also hold good when one or several

of the substances produced do not exist as gases at the temperature of

the experiment, but separate in the solid or liquid state. We can
extend the theorem, therefore, to read : If in any chemical processes
several gases appear or disappear at the same time, they do so always in

simple ratios by volume.

165. The Law of Combining Weights. The series of conclusions

which can be drawn from the law of gaseous combination by volume is

not exhausted by the laws we have just enunciated. Evidently it is

quite arbitrary to apply the law only to such substances as are gaseous
at ordinary temperatures. For, since, with change of pressure and

temperature, the volume of all gases changes in the same ratio, the law

of volumes remains valid for any (concordant) pressures and tempera-
tures. Accordingly, one can imagine the temperature high enough and
the pressure low enough for all the substances to be gaseous ;

the law

of volumes would then be valid for all chemical processes.

It appears, now, to be a superfluous piece of work to deduce con-

clusions for a condition which cannot be experimentally produced, and
the conclusion just drawn would also have no special significance were

it not that it can be turned to account in the case of a further conse-

quence which can be directly put to the test.

Imagine equal volumes of a number of gaseous substances to be

measured off at the same pressure and temperature. When, then,
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chemical reactions take place between any of these substances, the

amounts which react with one another may be represented by these

volumes, a whole number of such volumes of each gas being always used

up, and also a whole number of such volumes of new substances being

produced.
Each of these volumes, however, represents a quite definite weight

of the substance in question, which is proportional to the gaseous

density of the substance. From this it follows :

For every gaseous substance a definite weight can be given, which has

the property that the proportions by weight of all possible chemical com-

pounds of these substances with one another can be represented by this

definite weight, or by rational multiples of it. These numbers are propor-
tional to the densities of the gaseous substances.

Since, as we have just seen, no limit can be given for gaseous sub-

stances, this conclusion must be extended to all substances. Calling
the definite weight just mentioned by the name combining weight, we
can state the theorem : To every substance a combining weight can be

assigned. All chemical reactions between substances take place in propor-
tions by weight which can be represented by the combining weights or by
rational multiples of them.

Such an immense extension of a law which, in the first instance,

has beer; proved only for the comparatively small number of substances

occurring in the gaseous state, requires, of course, to be minutely
tested. This work was undertaken, above all, by Berzelius (1810 and

ff.). The result was that the law of combining weights is, as a matter

of fact, universally valid. It is the fundamental law of quantitative

chemistry, and the numbers thereby fixed, the combining weights, are

the real units of chemical mathematics.

We shall further remark that the combining weights are ratio

numbers, since, of course, the choice of the unit of volume according to

which the gases were compared was an arbitrary one. The question
as to the unit of the combining weights, or the arbitrary number to

which the others are to be referred, cannot be discussed in detail until

later. Here it is sufficient to state that the number 16 for oxygen has

been adopted as reference number.

Further, we have to take the following into consideration. We
imagine, first of all, the combining weights of the elements fixed.

These, now, can come together to form compounds which, in turn, can

form compounds with one another and with other elements. Every

compound substance, therefore, also has a combining weight. Since

the law of the volume ratios of gases holds also for the compounds of

the latter substances, the combining weight of these, on account of the

law of the conservation of weight, must also be equal to the sum of

the combining weights of the elements, or to a rational multiple of this.

The values of the combining weights of the compound substances are

usually so chosen that they are never smaller than the sum of the com-
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birring weights of the elements in order to avoid fractions of the combin-

ing weights of the latter.

166. Combining Weight of Hydrogen. In order to choose a
value for hydrogen, we can simply assume the combining weight to be

proportional to the gaseous density, so that equal volumes of the gases
also contain the same number of combining weights. According to

the ratio of densities, then (p. 132), the combining weight of hydrogen
must be made equal to 1-008 if oxygen is equal to 16.

A difficulty, however, arises when the product of combination,
water, is taken into account. Adopting the standpoint that the com-

bining weights are directly proportional to the gas densities, we obtain
for water, from the figures on p. 165, the value 9-008. The combining
weight of water would, therefore, not be equal to the sum of the combin-

ing weights of its elements, 18-016, but only to half this.

It is, therefore, not possible to make the combining weights simply
proportional to the gas densities or to the molar weights (p. 132) without

falling into contradictions. In the course of the development of

chemistry attempts have been made in various ways to remove these

contradictions. The following is the method now universally adopted :

The combining weights are determined so that there is always a whole

number (no fractions) of combining weights contained in the molar weights.
If we make the molar weight of oxygen, as has already been done,

equal to 32, and that of hydrogen to 2-016, the molar weight of water

vapour must be put equal to 18-016, as can be seen from the density
data on p. 165. If, on the other hand, we put the combining weight of

oxygen equal to 16, and that of hydrogen to 1-008, we can fulfil the

requirement which has just been stated. The molar weight of oxygen
and likewise of hydrogen then contains two combining weights of the

elements, while in the molar weight of aqueous vapour there are con-

tained two combining weights of hydrogen and one of oxygen, the sum
of which is equal to the combining weight of water. In the case of this

substance, therefore, molar weight and combining weight coincide.

The choice just made has shown itself to be sufficient also for all

other compounds in which hydrogen and oxygen are contained. Not
one of these numerous substances has exhibited a molar weight in

which there occurs a smaller amount than 16 parts of oxygen or 1-008

parts of hydrogen.
167. The Combining Weights of the Elements. By deter-

mining how much of each element combines with one combining
weight, or 16 parts, of oxygen, the combining weight of that element

is obtained.

Now, to be sure, it is not necessary to assume that only one com-

bining weight of the other elements always combines with one combining
weight of oxygen, but, as in the case of water, there may be reasons for

regarding other assumptions as better. In fact, there are numerous
instances where such is the case. Since these, however, follow only
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from a more exact knowledge of the chemical relations of the elements,
the discussion of them must be postponed, and we shall immediately
give the results here.

Further, the other elements are not all capable of giving compounds
with oxygen, although the majority of them are. Also, the oxygen
compounds of some elements cannot be exactly investigated with regard
to their composition, or analysed, so that the question arises how, in

these cases, the combining weights are determined.

On this point information is afforded by the definition of combining
weight given on p. 169. These numbers are valid not only for the

compounds with oxygen, but also for all compounds of the elements-

with one another. If, then, the fact has been established that an
element B combines with oxygen so that for every 16 gm. of oxygen
there are present b gm. of the element, and if there be determined the

amount c of a third element C which can unite with b gm. of B, then

the number c is also the combining weight of the element C.

In general : The weight of an element which can combine with the com-

bining weight of another element, referred to oxygen = 16, is equal to the

combining weight of that element.

By means of this principle, it is evident that the combining weight
of one and the same element can be determined in very different ways,
and through the medium of entirely different elements. This has, in

fact, been done, and the combining weights, determined by such

different methods, have always proved to be identical within the limit

of the experimental error. In these investigations we have an exceed-

ingly important confirmation of the law of combining weights.
The following table gives a list of the combining weights of the

elements so far as known with some degree of accuracy ;
the values

are given such that there may be an error in the last place of less than

half a unit.

TABLE OF THE COMBINING WEIGHTS OF THE ELEMENTS

Cu = 63-57

Dy =162-5
Er -167-4
Eu -152-0
F = 19-0

Gd =157-3
Ga = 70
Ge = 72-5

Au =197-2
He = 3-99

H = 1-008

In =114-8
I =126-92
Ir =193-1
Fe = 55-9

Kr = 82-9

La =139-0
Pb =207-10

1. Aluminium
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TABLE OP THE COMBINING WEIGHTS OF THE ELEMENTS continued

36. Lithium
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the real basis of all determinations and calculations with the combining
weights. If, therefore, the number 16 were changed to 15-88, all

numbers referred to it must also be changed. By retaining, however,
the number 16 for oxygen, and changing only that for hydrogen from
1 to 1-008, no such recalculation of the other numbers was required,
since only the value for hydrogen was affected. For the future, then,
the number 16 has been adopted as the basis of the combining weights
of the other elements.

168. The Accuracy of the Law of Combining Weights.
Since the gas law is only a limiting law (p. 134), and since we have based

the law of combining weights on it, the question must arise as to what

degree of accuracy this law possesses, and whether it also is to be

regarded as a limiting law.

Experience .has shown that the law of the combining weights is as exact

as the law of the conservation of weight, i.e. the limit of its accuracy has,

as yet, not been found.

This is connected with the circumstance that the law of combining

weights remains valid whether we are dealing with gases or with sub-

stances in any other physical state. The deduction of the law from the

law of volumes of gases was made for the sake of clearness
;

itsfounda-
tion in fact, however, is the result of quantitative chemical analysis.

169. Chemical Symbols and Formulae. Since all compound
substances can be represented as combinations of the elements, their

composition can be stated by designating the elements from which they
are produced. This designation takes a very simple form when, instead

of the names of the elements themselves, abbreviated, readily intelligible

symbols are employed.
Such a method has been in use almost as long as chemical writings

exist, for even in the oldest alchemist works the most important of the

substances occurring are represented by individual symbols. The use

of such a symbolic language also exists throughout the whole develop-

ment of scientific chemistry. These very manifold attempts, however,

received a permanent form only after the law of combining weights was

discovered, and after Berzelius had made an exceedingly simple and

suitable proposal for fixing the symbols.

Whereas, namely, all former symbols had been more or less arbitrarily

chosen and offered no hold to the memory, Berzelius derived them from

the names of the elements themselves, introducing the initial letter of

these as symbol for the element. In order to put differences in language

out of account, he used the Latin or Greek names as the basis of the

abbreviations. In those frequent cases where several elements com-

mence with the same letter, the aid of an additional characteristic

letter is taken.

In this way the symbols given in the table on pp. 171 and 172 were

obtained.

While, in former times, such symbols had only a qualitative signi-
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fication, the law of combining weights makes it possible to attach to

them also a quantitative meaning. This consists in also understanding

by the symbol of each element a combining weight of that element.

The symbol for oxygen, therefore, not only signifies that element

but also 16 parts of it by weight.
Since the combinations between the elements take place only in

the proportions of the combining weights and of whole multiples of

these, it is only necessary, in order to state the qualitative and quanti-
tative composition of a compound, to write down the symbols of the

elements present and the factors by which the combining weights of

each have to be multiplied. For the sake of convenience it has become

customary to write the factors in the position of suffixes to the symbol
of the element. The composition of water of two combining weights
of hydrogen and one of oxygen is, therefore, written in. the form H20,
the factor 1 being, as is usual, omitted.

This formula expresses the fact that water is produced from 2 x 1-008

parts of hydrogen and 1 x 16-00 parts of oxygen by weight, and that it

contains these and no other elements.

In the case of substances whose gaseous density and molar weight
can be determined, it is further usual to write the formulae so that they

express a molar weight of the substance designated. Since the com-

bining weights were chosen on the principle that a whole number of

combining weights is contained in a molar weight, this can always be

done without having to use fractions of a combining weight. Such

formulae, therefore, allow also of deducing the gaseous density, to which
of course the molar weight is equal.

. 170. Chemical Equations. By reason of the laws of the con-

servation of weight and the conservation of kind (p. 88), chemical

processes can be written in the form of equations in which the sub-

stances are represented by their symbols. As a result of the two laws

named, we have, first, that the weights on both sides of a chemical

equation must agree ; and, second, that on each side of the equation
the same elements with the same number of combining weights must occur.

The way, however, in which the elements are combined with one

another can be different.

For example, the formation of water from oxygen gas and hydro-

gen gas is expressed by the following equation :

= H0.

It is usual to write the equations in such a manner that the initial

substances stand on the left hand, and those formed in the reaction on
the right. Since at a very high temperature water decomposes into

its elements, this process would be written in the reverse order :

As can be seen, when more than one combining weight of the sub
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stances under consideration takes part in the reaction, the" correspond-

ing factors are written before the formula, whereas the factors of the

elements which are present in more than one combining weight in a

compound (such as hydrogen in water) are written as a suffix (p. 174).

If, as is very frequently the case, it is desired to express, at the same

time, by means of the formula, the molar weight of the substances

designated, the equation has generally to be written otherwise. A
molar weight of hydrogen and of oxygen each contains two combining
weights of the elements

;
we must, accordingly, write

From such an equation we can, at the same time, from the meaning
of a molar weight, tell the volume ratios of the reacting gases. The

present example shows directly that one volume of oxygen and two
volumes of hydrogen yield two volumes of water vapour.

The formulae which signify molar weights are not as yet distinguished
from those intended only to denote combining weights. This must be

called an imperfection. In this book molar weights, where such are

known, will generally be written.

171. The Atomic Hypothesis. For the representation of the

simple and comprehensive laws to which the weight and volume ratios

of chemical compounds are subject, a hypothetical conception has been

in use since the time these laws were first discovered, which affords a

very convenient picture of the actual relations, and possesses, there-

fore, a great value for the purposes of instruction and investigation.
For this reason the above hypothesis has been made the basis of the

language and modes of representation throughout the whole of chemistry,
so that the results of chemical investigation are almost exclusively
communicated in that language. Even for this reason alone a know-

ledge of the hypothesis is necessary.
In general, an hypothesis is an aid to representation. Of the

phenomena of the outer world, some are so familiar to us from oft-

repeated experience, that we know the relations which exist among
them with great certainty. If now we find a new and unfamiliar class

of phenomena, we unconsciously seek for similar ones among those that

are known. If we succeed in discovering such a similarity we gain two

advantages. In the first place, the fixing of the new facts in the

memory is very greatly facilitated by the use of the similarity, and in

the second place, the similarity affords us a means of making probable

presumptions concerning the behaviour of the new phenomena under

conditions under which they have not yet been investigated.

As compared with the less known, such a group of similar and well-

known phenomena form the basis of the hypothesis. Since of all

phenomena those of mechanics are usually the most familiar to us, by
far the most hypotheses are mechanical analogies of non-mechanical

phenomena.
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The same character is possessed also by the present hypothesis.
The peculiarities of the weight relations of chemical processes are
"
explained

"
by a definite assumption concerning the mechanical

nature of the substances.

This assumption consists in regarding all substances as composed
of very small particles or atoms. The atoms of each elementary sub-

stance are alike among themselves, and single, and are different from

the atoms of every other element. The atoms of a chemical compound
are alike among themselves, but are composed of the atoms of the

elements by the interaction of which they are produced.
From these assumptions the laws of chemical combination follow

directly. The assumed identity of the atoms or the atomic groups
which form a definite substance gives a picture of the theorem of the

definiteness of the properties of every substance. The assumption of

the difference of the nature of the atoms of the different elements

explains the inconvertibility of the elements into one another, and
the assumption that the atoms of the elements remain intact in the

compounds, and are only differently grouped together to form, in each

case, an atom of the compound, makes the law of the connection

between the derivations of each element clear.

On the same foundation also, the quantitative laws of combination

are made intelligible. Since all the atoms of a definite element are

assumed to be identical among themselves, we must also assume

identity for the weight of each atom. When, therefore, two or more
different atoms combine in a definite manner to form a compound, the

proportions by weight in which the compound is formed are also fixed

by the number and kind of the elementary atoms. Since, finally, all

compounds are regarded as congeries of the corresponding elementary

atoms, the proportions by weight of these must be represented

universally by the numbers which are obtained by multiplying the

weight of each kind of atom by the number of them. In this picture,

therefore, the combining weight of an element assumes the signification

of the weight of an atom, and the designation atomic weight in place
of combining weight has a universal currency.

The atomic hypothesis, in the sense developed here, was put for-

ward by J. Dalton in the year 1802
;
the testing of its most important

consequence, the law of combining weights, was performed by Berzelius

(p. 169). On account of its entire agreement with experiment the

atomic hypothesis attained to a position of great consideration and

universal application, so that at the present day it rules exclusively in

chemistry.
In this book also we shall not deviate essentially from the general

usage, especially as in recent years many other consequences which

follow from the atomic theory have been found to be in harmony
with the facts.

172. The Molecular Hypothesis. Just as the laws of weight in
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chemical processes, so also the laws of volume in the interaction of

gaseous substances have given rise to mechanical hypotheses, which
have played a similar though not so important a part in the develop-
ment of chemistry as the atomic hypothesis.

Since gases combine in equal or in multiple volumes, the most
natural assumption is that the same number of atoms is contained in

equal volumes of the different elementary gases. In fact, this assump-
tion was at first made.

With this assumption, however, the fact that two volumes of hydro-

gen and one volume of oxygen yield two volumes of aqueous vapour
cannot be brought into agreement. For, let the number of atoms in

the unit of volume be N, and let us make the appropriate assumption
that the same law holds also for the aqueous vapour, 2N atoms of water

must be produced from N atoms of oxygen and 2N atoms of hydrogen,
i.e. in each atom of water half an atom of oxygen must be contained.

This is not the only dimculty of this kind
;
on the contrary, similar

ones are encountered in nearly every case of combination between

gaseous substances.

To avoid this contradiction, therefore, it was necessary to distinguish
between the atoms and the smallest particles of the gases. If we assume

that the latter, which are called molecules, are composed of several

atoms, the volume ratios of the gases can be satisfactorily represented.
The consideration of all known cases has shown that a very simple

assumption suffices here. The contradiction can be avoided if, in the

case of the elementary gases, e.g. oxygen and hydrogen, the molecules

are regarded as being formed each of two atoms. In the case of other

elements other assumptions are in part necessary, and these will be

discussed when we come to them.

According to this assumption there are contained in equal volumes

of the different gases, not an equal number of atoms, but an equal

number of molecules. If, as mentioned, the molecules of oxygen and

hydrogen each consist of two atoms, and if N is the number of molecules

(not of atoms) in the unit of volume, we have the following calculation:

One volume of oxygen contains N molecules, and therefore 2N
atoms. With two volumes of hydrogen (

= 4N atoms) it forms two

volumes of aqueous vapour, in which, therefore, 2N molecules of water

must be contained. If one assumes that each water molecule consists

of one atom of oxygen and two atoms of hydrogen, exactly 2N mole-

cules of water vapour can be formed from the atoms present, and the

actual relations receive a correct representation.
The molecular hypothesis stands to the conception of the molar

weight (pp. 132 and 170), previously introduced on the basis of the law

of Gay-Lussac, in the same relation as the atomic hypothesis stands to

the conception of the combining weight, and the molar weight appears,

in the light of the hypothesis, as the relative weight of a molecule, or

the molecular weight. For, if an equal number of molecules is assumed

N .
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in equal volumes of the different gases, the weights of the different

molecules must be to one another as the weights of equal gas volumes,
i.e. as the gaseous densities or the molar weights.

The requirement that the molar weights shall be expressible in

integral values of the combining weights assumes the clearly intelligible

form, that no fractions of atoms are to be assumed in the molecules.

The name molecular weight is in general use for the previously
deduced conception of the molar weight. It may also be employed

independently of the hypothesis on which it is based, if one bears in

mind that it expresses an actual relation, viz. the gaseous density.
The hypothesis just developed was put forward by Avogadro

and Ampere almost simultaneously in the years 1811 and 1812. The

assumption that in equal volumes of gases equal numbers of molecules

are contained is sometimes called the law of Avogadro. This is mis-

leading, since a hypothesis can never be a law. It may be called the

postulate of Avogadro. The law on which these considerations are

based is that of the rational volume ratios in the reactions between

gases, discovered by Gay-Lussac.
173. The Action of Sodium on Water. Of the changes

which take place by the interaction between water and sodium (p. 128)

we have, as yet, considered only the evolution of hydrogen from the

water. We shall now pass to the investigation of the other products.
In the first place, the water which had been used for the reaction

is, in its outward appearance, unchanged ;
the product which has been

formed from the sodium must therefore be soluble and yield a colourless

solution. That something new is present, is shown, however, by the

taste, which is unpleasantly soap-like, and by its power of exhibiting

actions not shown by water. One of the most conspicuous of these

actions is the alteration of certain colouring substances. A piece of

paper coloured purple with litmus (a colouring matter extracted from

lichens) immediately becomes blue when moistened with the liquid

formed. A piece of colourless paper containing the artificial colouring

matter, plenolphthalein, which is used by electricians as
"
pole reagent

paper
"

for determining the direction of the electrical current in a con-

ductor, becomes coloured purple-red, and paper coloured with the

yellow vegetable dye, turmeric, becomes red-brown.

What takes place in the case of these changes cannot be explained
till later

; they serve, in the first place, as an identification sign for the

substance produced.
To obtain this substance in the pure condition, the water in which

it is dissolved must be removed. This is done by heating the solution

till it boils
;
the water then passes into the form of vapour and escapes,

while the dissolved substance, which is not volatile, remains behind.

This method which is generally used for obtaining the substances

present in solutions when they are not or are only slightly volatile

is called evaporation. The apparatus used for the purpose vary accord-
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ing to the scale on which the operation is carried out
; they all agree,

however, in being of such a shape that the surface of the evaporating

liquid is kept as large as possible. For the velocity of evaporation, or

the amount of liquid evaporating in unit time, increases, ceteris paribus,

proportionally with the evaporating surface.

174. Caustic Soda. On evaporating the solution produced by
the action of sodium on water, a white substance is obtained which is

solid at ordinary temperatures, but which readily fuses and redissolves

in a small quantity of water with development of heat. It is the same
substance as served in the combustion experiment described on p. 80

for retaining the gaseous and vaporous products of combustion. If a

little of the substance be dissolved in water the liquid exhibits all the

colour reactions of the solution produced by the action of sodium on

water.

That this substance also contains oxygen as well as sodium follows

from the fact that it was formed with evolution of hydrogen from

water and sodium
;

in it there must
be present the oxygen which was previ-

ously in combination with the hydrogen
evolved. The product, however, need

not consist of sodium and oxygen only ;

it may also contain hydrogen from

the water.

That it does, in reality, still contain

hydrogen is shown by the following

experiment. If a little of the substance

is mixed with finely powdered iron, and

the mixture heated in a small tube of

resistant glass, closed by a cork through
which a drawn-out glass tube passes

(Fig. 65), there soon escapes from the

opening a gas which can be set on fire,

and can be immediately identified as hydrogen by the film of moisture

formed on a cold glass held over it.
1 Since the iron, being an

"
element,"

contains no hydrogen this must come from our substance.

The result of more exact analysis shows that the product consists of

sodium, hydrogen, and oxygen in the proportions 23-00 : 1-01 : 16-00 by

weight. It contains, therefore, an equal number of combining weights

of hydrogen and oxygen. The combining weight of sodium has been

found equal to 23-00
;

since the chemical symbol for sodium is Na, the

formula NaOH is obtained for the compound. In chemical language

it is called sodium hydroxide, or, popularly, caustic soda.

The name sodium hydroxide is intended to indicate that, besides

oxygen, hydrogen is also contained in the compound.

1 The flame of the hydrogen is generally coloured yellow, and this from the same

cause as given on p. 128.

FIG. 65.
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Compounds which" are constituted in the same way as sodium

hydroxide, i.e. which, along with the metal, contain an equal number
of combining weights of oxygen and hydrogen, occur in large numbers,
for almost every metal can form such compounds. In consequence of

their containing these elements in common they possess certain con-

cordant properties, so that it has been found convenient to give them
a special family name, and also to give a special designation to the

group OH. The metallic compounds are called bases and the group
OH hydroxyl. Bases are, therefore, compounds of metals with hydroxyl.

Not all the metals combine with hydroxyl in such a way that to-

one combining weight of the metal also one hydroxyl is present. On
the contrary, other reasons have often led to assuming combining

weights for the metals such that two, three, and even four hydroxyl

groups are united with one combining weight of the metal. The

corresponding hydroxides or bases then have the formulae M(OH) 2 ,

M(OH)3 , M(OH)4 ,
where M is the symbol of the metal. These metals,

and also the bases produced from them, are accordingly called bi-, ter-

and quadrivalent.
The bases, in so far as they are soluble in water, all behave in the

same way as caustic soda with respect to the colouring substances.

These reactions, then, belong, not to the different metals from which

the bases have been produced, but to the common component,

hydroxyl.
175. Deliquescent Substances. On evaporating solutions of

caustic soda it is found that the last portions of water are difficult to

remove, since the vapour pressure of the concentrated solution is very
much smaller than that of pure water.

Conversely, caustic soda freed from water has the property of

becoming moist in air by condensing on itself the aqueous vapour

present in the latter (p. 160), and it ultimately takes up so much water

that it liquefies to a solution. Caustic soda, therefore, is called a

deliquescent substance.

The property of deliquescing is not one belonging exclusively to

caustic soda, but it also belongs to many readily soluble salts. The con-

dition for it is that a solution is produced which has a smaller vapour

pressure than the mean vapour pressure of the water in the air. Such

a substance continues to withdraw water from the moist air until the

partial pressure of the water vapour becomes equal to that of the

solution produced. If the air is renewed, as in the case of substances

placed in open vessels, the process comes to an end only when a solu-

tion has been produced, the vapour pressure of which is equal to the

partial pressure of the water in the air.

Since, on an average, the air is saturated with aqueous vapour to

an extent of 60 to 70 per cent, all substances will deliquesce which

can form solutions the vapour pressure of which is less than 0-6 of that

of water at the same temperature.



CHAPTER XI

HYDROGEN PEROXIDE

176. Hydrogen Peroxide. By means of reactions, the details of

which cannot be understood till later (Chap. XXVIII.), it is possible to

prepare a second compound of hydrogen and oxygen which has a

different composition and essentially different properties from water.

This compound is called hydrogen peroxide, a name which expresses that

it contains more oxygen than water, which would have to be called

hydrogen oxide.

The composition of hydrogen peroxide is given by the formula

H2 2 . This states that for the same amount of hydrogen double as

much oxygen is contained in the new compound as in water. In

numbers the formula shows that the compound is composed of 2 x 1-008

parts of hydrogen and 2 x 16-00 parts of oxygen, by weight ;
its molar

or molecular weight, therefore, amounts to 34-016. If the weights of

oxygen and hydrogen present are divided by this number and multiplied

by 100, the percentage composition of hydrogen peroxide is obtained.

The result is 94-1 per cent oxygen and 5-9 per cent hydrogen.

Hydrogen peroxide is a thickish liquid with a density of 1-5, and is

colourless. It is not easily prepared quite pure, and when it is obtained

it very readily decomposes spontaneously, so that its existence is always

only a passing one. The decomposition takes place according to the

equation .

2H2 2
= 2H2 + 2 ,

i.e. the substance decomposes into water and oxygen gas.

By cooling very concentrated solutions, hydrogen peroxide has

recently been obtained in the form of clear crystals melting at - 2.
On account of its great readiness to decompose, hydrogen peroxide

is usually prepared and used in the form of a dilute solution, in which

it is much more stable. Since it dissolves in all proportions in water,

solutions of any desired strength can be prepared, and the strength is

usually stated by the -number of volumes of oxygen which can be

evolved from one volume of the solution on decomposition. Since

181
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2 x 34 gm. of peroxide evolve 32 gm. of oxygen, which under ordinary
conditions occupy a volume of 22-4 lit. (p. 133), it follows that every

gram of peroxide evolves 353 c.c. of oxygen. A one per cent solution

containing, therefore, 1 gm. in 100 c.c., accordingly evolves 3-53 times

its volume of oxygen, and the solution ordinarily used of strength
10 volumes of oxygen contains, therefore, rather less than 3 per cent

of peroxide.
This solution looks like water, but has a peculiar astringent taste.

It has no definite smell. It slowly evolves oxygen, so that it must not

be kept in perfectly close vessels, since these could thus be readily
burst. The decomposition is much less in the cold than in the heat,

and is, moreover, very greatly influenced by the presence of other

substances. The peroxide can be best preserved in a solution con-

taining a small quantity of some acid or a little spirit of wine. A
coating of paraffin wax on the inner wall of the vessels also acts as a

protection against decomposition.
177. Hydrogen Peroxide as Oxidising Agent. The ease with

which the peroxide decomposes into water and oxygen is also seen in

the presence of such substances as can chemically combine with oxygen.

Hydrogen peroxide is therefore an oxidising agent. Since gaseous

oxygen is spontaneously formed from the peroxide, and the reverse

reaction does not take place to a measurable extent, we must conclude

that the peroxide is a stronger oxidising agent than gaseous oxygen, i.e.

the peroxide can still give up oxygen to such substances as are not

capable of forming compounds with oxygen gas. This conclusion is

based on the following reasons.

It can be proved generally that the action of any oxidising agent

can, theoretically, be replaced by the action of oxygen gas under an

appropriate pressure. The highest pressure of oxygen corresponds to

the strongest oxidising agent, and vice versa. Imagine this pressure
determined for each oxidising agent (which is generally possible by
indirect means), we can then arrange these in a series of decreasing

pressures, and we can assert that with a higher oxidising agent we can,

indeed, prepare every lower one from oxygen and the other component,
but not conversely, just as the pressure of oxygen can, spontaneously,

only diminish, but not increase. Since oxygen gas can be prepared
from hydrogen peroxide, but not hydrogen peroxide from oxygen, the

peroxide must be the higher oxidising agent.
1

These oxidising properties are particularly conspicuous in the case

of the pure peroxide. In contact with it lead powder ignites spon-

1 In applying this reasoning, it is necessary to know that in the case of an oxidising

agent existing in the condition of a solution, its position in the series is variable. It is

dependent on the concentration of the solution, and is all the lower the more dilute

the solution is made. The same part is played by the pressure of gases, as, indeed,
follows from what has been said. For solid substances and unmixed liquids, however,
the position in the series is fixed, and undergoes an appreciable alteration only through

change of temperature, which varies from case to case.
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taneously, and if a few drops of it are placed on wool or on a sponge,
the latter immediately bursts into flame.

178. The Molar Weight of Hydrogen Peroxide. The formula
of hydrogen peroxide has been written H2 2 , although it might have
been more simply written HO. On account of the ready decom-

posability of the pure peroxide, its vapour density has not as yet been
measured. The question therefore arises, What is the reason for so

writing the formula ?

The answer is that the molar weight of substances can be deter-

mined not only from their gaseous density, but also from their behaviour
in solution. It has been mentioned on p. 163 that all substances in

solution lower the freezing point of water (and also of every other

solvent) proportionally to the concentration, and that a similar law

holds for the lowering of the vapour pressure (or the elevation of the

boiling point).

One is now led to ask the question, What quantities of the different

substances are required to produce the same lowering of the freezing

point. The answer which experiment has given to this question is

very remarkable. The quantities of substances which produce the same

lowering of thefreezing point are in the ratio of the molar weights.

If the former reasoning (p. 163) be applied to the case of the lowering
of the vapour pressure, we must make the further statement, that the

amounts of substances which produce an equal lowering of the vapour

pressure also stand to one another in the ratio of the molar weights.

The elevation of the boiling point is proportional to the lowering
of the vapour pressure. We can therefore enunciate the further theorem

that those quantities of different substances which raise the boiling point of
the solvent by the same amount stand to one another in the ratio of the molar

weights.

These laws are of especial importance because of the fact that they
allow of the determination of the molar weight in the case of those sub-

stances also which cannot be investigated in the condition of vapour,
either because of the fact that at the temperatures attainable their

vapour pressure does not have a measurable value, or because, on

attempting to vaporise them, they decompose. By experiments on

substances whose molar weight had been determined by measurements

of the vapour density, it has been possible to satisfy one's self of the

universality of the laws just stated, so that these can be applied with

certainty in those cases also where this control is not possible.

From the theoretical side also these laws are assured, and* the

general conditions of their validity have been determined. Into these

questions, however, we shall not yet enter, since the empirical know-

ledge is sufficient, in the first place, for their application.

In order to apply one of these methods, e.g. the depression of the

freezing point, to the determination of the molar weight of a new sub-

stance, one first determines the depression which is produced by the
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solution of a substance whose molar weight is known. If the amount
of the new substance required to produce the same depression be then

determined, the weights of the two substances are in the ratio of their

molar weights, and the molar weight of the new substance is found by
simple calculation in proportion.

Thus it has been established that when one gram-molecule or one

mole (the molar or molecular weight of a substance expressed in grams)
of any substance is dissolved in a litre or 1000 gm. of water, the solution

produced freezes at -1-86. If we dissolve g grams of the new sub-

stance in G grams of water, and if we observe for the solution a depres-
sion d of the freezing point, we can perform the following calculation :

The amount of the new substance dissolved in 1000 gm. of water is

1000 g/G ;
this has produced the lowering d. According to the law of

the proportionality between the amount dissolved and the depression,
the depression 1-86 will be obtained when the dissolved amount is

changed in the ratio d : 1-86. This amount, however, is equal to a

mole of the substance, since the depression 1-86 is produced by one mole

in a litre. Hence, if we denote a mole or the molar weight in grams by
M, we have the proportion

From which there follows

M = 1860-.

If, then, in this equation we substitute the weights g and G of the

substance and water used, and the observed depression d of the freezing

point, we can calculate the molar weight M of the dissolved substance.

The equation which is obtained for the elevation of the boiling

point by dissolved substances is quite similar. The reasoning is almost

word for word the same, so that it does not require to be repeated ;

only the constant has a different value, viz. 519. In other words, the

molar weight of the dissolved substance is obtained from the formula

=
,

sG

when the boiling point of the solution is s higher than that of water.

The laws which have just been deduced hold, in this simple form,

only" for dilute solutions. Their validity, however, does not depend
on water being used as a solvent, but they are valid for every solvent

provided this is a pure substance. Characteristic values of the constant

belong to each solvent.

179. Preparation of Pure Hydrogen Peroxide. Hydrogen
peroxide is much less volatile than water. When, therefore, a solution

of the substance is evaporated the water passes off, and a solution, richer



xi HYDROGEN PEROXIDE 185

in peroxide, remains behind. Although the decomposability of the

peroxide rapidly increases with increasing concentration, fairly strong
solutions can still be obtained if one starts- with very pure material, and
carries out the evaporation at a moderate temperature. Very great
care must, however, be exercised on account of the readiness with which

explosions occur.

Under reduced pressure the concentrated solution can finally be

separated into water and almost pure peroxide. For this purpose the

parts of a distilling apparatus are connected air-tight together, and after

the liquid to be distilled has, been introduced the apparatus is exhausted.

The pure substance is comparatively stable.

The purpose of distillation under reduced pressure is to enable one

to accomplish the distillation at a lower temperature. Since the vapour
pressure of all substances rises with the temperature, and boiling occurs

when the vapour pressure has become equal to the external pressure,
the substance will boil at a temperature which is all the lower the smaller

the external pressure is made.
The lower the temperature, however, the less is, in general, the

amount of decomposition, since the velocity of this, like that of all

chemical processes, rapidly increases with rising temperature. Distil-

lation under reduced pressure, therefore, is employed in all cases where
a substance has to be distilled which is not stable at the temperature of

its ordinary boiling point.
, When a solution rich in peroxide is treated in this manner, whereby

the temperature must be kept under 80, water with a little peroxide
first distils over and then almost pure peroxide. This distillate is

collected in a separate vessel, and in this way the substance is obtained

in a very pure condition. Such a process, depending on the differences

of the vapour pressures, is called fractional distillation. In chemical

practice this method finds very widespread application.
180. Occurrence. Hydrogen peroxide occurs in very small

quantities in nature, traces of this substance being contained in rain

and snow. Likewise, small quantities of peroxide are produced in

many cases of combustion and also in other oxidation processes. There

are a number of very delicate reactions used for the detection of such

small amounts. These, however, cannot be discussed here since they

presuppose a knowledge of other substances. They will be discussed

at a suitable opportunity later (Chaps. XXXII. and XLIV.)
181. Catalysis. Since hydrogen peroxide can decompose spon-

taneously into water and oxygen, a question arises similar to that asked

on p. 109 with regard to the combustion of substances in the oxygen of

the air
; Why, then, does the hydrogen peroxide not decompose ? The

answer is similar : It does decompose, but with very varying velocity.

To illustrate the existing relations by an analogy, one can imagine the

hydrogen peroxide replaced by compressed oxygen contained in a

vessel which is not completely closed. The oxygen in this vessel is also
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not in a permanent condition of equilibrium, but it escapes ; still,

although it is in communication with a space of lower pressure, its

pressure does not fall to the lower value instantaneously, but only slowly ,

and this with a velocity which depends on the size of the opening and on
the amount of friction which takes place in the opening. If the opening-
is very small, it may be a long time before the escape of the oxygen
becomes noticeable. Every circumstance which makes the opening
more accessible will hasten the lowering of the pressure ; every circum-

stance which makes it less accessible will lengthen the period of the

existing condition.

In the case of hydrogen peroxide, now, there are, as a matter of fact,

very various circumstances known which act in the sense of an enlarging
or diminishing of the opening, i.e. which change the velocity with which
this spontaneous and continual decomposition takes place. Thus,

porous and powdered substances greatly accelerate the evolution of

oxygen. The action is, however, by no means a purely mechanical one,
for different powders of similar fineness have a very different action

according to their chemical nature. Pyrolusite, which in like manner
also accelerates the perfectly similar decomposition of potassium
chlorate when heated (p. 107), is especially effective. By shaking a
solution of hydrogen peroxide with pyrolusite in an apparatus which
allows of the evolved oxygen being collected and measured, the amount
of hydrogen peroxide in the solution can be easilyand quickly determined.

On investigating the pyrolusite after the experiment it is found
to be unchanged. Finely divided platinum, which likewise remains un-

changed, acts in a similar manner. Other finely divided metals, such
as copper and cadmium, do not appreciably hasten the decomposition.

Such substances which act as pyrolusite and platinum do here, so as

to alter the velocity of a chemical process without themselves being-

changed by the process, have already been mentioned (p. 150) ; they
are called catalysts, and the action itself is called catalytic action.

Of the catalysts it can be stated generally, that they cannot bring
about reactions which would not of themselves take place spontaneously even

if only with a very small velocity. If it were the case that a reaction

could be brought about by a catalyst in a direction opposite to that

which it takes by the action of the participating substances alone, one
could allow the substances to interact alternately with and without a

catalyst, and thereby, time after time, obtain reversed processes. These

processes could be used to perform work, and one could thus establish a

perpetuum mobile of the second kind (p. 61) x which is contrary to

experience. Thus it is not to be expected that a catalyst could be found

through the action of which oxygen and water could be caused to com-
bine to form hydrogen peroxide.

1 For the discovery of such a substance

1 This holds good for pure peroxide or fairly concentrated solutions. In the case of

very dilute solutions other relations obtain, and the spontaneous formation of small

traces of peroxide becomes possible.
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would be identical with the experimental refutation of the law of the

impossibility of a perpetuum mobile of the second kind.

182. Explosive Properties of the Peroxide. Approximately
pure hydrogen peroxide is a dangerous substance, since it readily under-

goes a sudden decomposition with explosion. The cause of this is that

in the decomposition of the peroxide into water and oxygen heat is

developed. If the decomposition, under the action perhaps of a

catalyst, has begun at one point, the surrounding portions become

warmed, the decomposition is accelerated, fresh amounts of heat are

developed, and in this way the processes mutually advance one another
to the point of rapid reaction which is called explosion.

This^behaviour is exceptional, since most reactions take place in

such a way that, they check themselves (p. 143). For example, when
water evaporates, the residue becomes colder and the vapour pressure
diminishes. That hydrogen peroxide behaves in the reverse manner
is due to the fact that it does not at all represent a state of equilibrium
of the participating elements, but a temporary state which can be
observed during a certain time, only because the approach to the state

of equilibrium takes place with a certain degree of slowness.

Even in the case of dilute solutions of the peroxide the heat develop-
ment during decomposition, under the influence of pyrolusite or

platinum, can be easily detected by means of a thermometer, for the

temperature rises quite considerably. The ordinary solution, which
evolves a tenfold volume of oxygen, would, on sudden decomposition,
rise in temperature by about 20 if loss of heat were avoided.

183. Chemical Heat Effects. To. obtain a knowledge of those

heat effects which accompany chemical processes is an important task

for science, since it is of importance for very many general questions.
The significance of these phenomena is that the amounts of heat given
out and taken in are a measure of the changes of energy connected with

the chemical processes. Since, now, the chemical processes are the

source of the total energy which all living things, plants as well as

animals, require for the maintenance of life
; since, also, the energy

used in the manufacture is derived mainly from chemical sources, the

importance of such measurements is readily seen. We shall here

shortly explain the principles of such investigations.

It has already been mentioned that heat is a kind of energy. It is

distinguished by the property that it is produced with especial ease

from the other forms of energy. When any chemical reaction occurs

the substances which axe produced have, in general, a different energy
from the original ones, and the difference of the two amounts appears
as heat, if, as is not difficult, the production of other forms of energy
be avoided. Heat is developed if the energy of the products is smaller

than that of the initial substances ;
the temperature of the reacting

system then rises. Conversely, if the substances are converted into

such as contain more energy than the original ones, the energy necessary
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for this is taken in the form of heat from the reacting system, and the

temperature of this falls. Both cases are possible but the former is by
far the more frequent.

If the system in which the chemical reaction takes place is sur-

rounded by a large bulk of water, the heat which is generated passes

chiefly into this, or, in the converse case, is taken from it. If the

weight of the water is known, and if the change of temperature be

measured, then the product of the two numbers gives the quantity of

heat in calories. For the unit of heat, or the calorie, has been defined

(p. 50) as the quantity of heat which is necessary to change the tempera-
ture of 1 gm. of water 1. If N gm. of water experience a change of

temperature of t, the corresponding quantity of heat is N calories,

equal to 4-18 N joules.

As is evident, however, the quantity of heat developed varies with

the amount of the substances, and is, indeed, proportional to this. In

order to obtain definite numbers, therefore, the quantity of heat must
be referred to definite amounts of substance. For this purpose the

following method of procedure is in general use. The reaction is

expressed by a chemical equation, and is imagined as taking place
between as many grams of the different reacting substances as the

numbers of the corresponding combining weights amount to. A
quantity of any substance, whose weight in grams is equal to the

sum of the combining weights contained in the formula, we will

call a mole of the substance. In short, therefore, the quantities
of heat in chemical reactions are calculated for moles of the reacting
substances.

184. The Heat of Formation of Water. To give an example of

what has just been said, let us consider the development of heat which

occurs in the combination of oxygen and hydrogen. Evidently this is

very considerable, since it gives rise to such a great elevation of the

temperature as the experiments mentioned on p. 146 show.

The experiments which have been performed in this connection

show that in this process 68,400 calories are developed, when one

mole = 18-02 gm. of water is formed from its elements. An idea of this

quantity is obtained on considering that according to this more than a

litre of water could be heated from to boiling through the combustion

of 3 gm. of hydrogen.
This number can be at once used for an interesting calculation.

If we imagine the heat which is developed used only for raising the

temperature of the aqueous vapour produced by the combustion of the

detonating gas, the temperature of the flame of the oxyhydrogen blow-

pipe is obtained by dividing the quantity of heat, 68,400 cal., by the

amount of heat required to raise 18-02 gm. of aqueous vapour one

degree, or the thermal capacity of this amount of vapour. Since, in

round numbers, 9 calories are required to heat 18 gm. of water vapour
1, the result of the calculation is that the temperature of the oxy-
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hydrogen flame must be 68,400/9
= 7600. This number proves, how-

ever, to be much too high, since measurements have given values which
do not much exceed 2500.

The cause of this disparity must be sought for in two directions. In
the first place, the thermal capacity of aqueous vapour has the given
value only at lower temperatures ;

at higher temperatures it becomes

greater, and the temperature must therefore become lower. But then

and this is the chief point the combination of oxygen and hydrogen to

water is not at all complete at higher temperatures, but the higher the

temperature is the greater is the portion which remains uncombined.
The combustion, therefore, raises the temperature of the flame only to

the point where a further elevation would effect a separation of the

water produced into its elements. Further combustion then takes

place only in proportion as heat is withdrawn by conduction and radia-

tion, and must be replaced by fresh combustion. This temperature is

then the true temperature of the flame
;
for the oxyhydrogen flame this

is, as already mentioned, about 2500.
On the basis of the law of the conservation of energy, we can state,

in the first place, that the same quantity of heat, 68,400 cal., as was

developed in the formation of one mole of water from its elements, will

be again absorbed in the decomposition of water into its elements. For if

this were not the case, it would be possible, by the alternate formation

and decomposition of a given amount of water, to cause the production
or the disappearance of any desired amount of energy.

The further conclusion can also be drawn, that the same quantity
of heat per mole will always be developed, no matter in what way water

is formed from its elements, whether by combustion with flame or by
any other process. The correctness of this assertion can also be proved
from the law of the conservation of energy. In this case we must only
hold to the supposition that no other forms of energy appear or dis-

appear.
On the other hand, the development of heat must be different, if

water is produced not from the gaseous elements but from some other

substances which can yield oxygen and hydrogen. And, indeed, the

difference must amount to exactly as much as the amount of heat

developed or absorbed in the conversion of the gaseous elements into

the compounds in question. This theorem, also, is based on the law

of the conservation of energy.
With reference to the problem before us, the principle of the con-

servation of energy in its most general application assumes the following

form. There can, in general, be ascribed to every substance existing in

a definite state a definite content of energy, which is proportional to

the amount of substance, and which for a mole has a definite value.

The absolute amount of this energy is unknown to us, since we cannot

in any way abstract from a substance all the energy which it contains.

We can, however, measure the differences of energy between two sub-
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stances before and after the chemical process, for these are the amounts
of energy which are developed or absorbed as heat in the reaction. The

energy relations of substances can be represented in the form of equations
in which the energies of the single substances are so represented that

their differences have definite values.

185. Thermochemical Equations. From this there follows a

method of stating the results of such measurements in a manner suitable

for calculation. The chemical formula of a substance receives the

additional significance that it represents .not only the composition but

also the energy content of the substance. The equation of a chemical

process, then, which, apart from this, contains on either side the same
elements in equal amounts (p. 88), must be supplemented by the state-

ment of the amount of energy which is necessary to make the values of

the energy on both sides also equal. This is the difference of the

amounts of energy of the substances before and after the reaction, i.e.

the amount of heat developed in the reaction.

For example, to express the change of energy in the formation of

water from its elements, in the form of such an equation, we write

2H
2 + 2

= 2H
2 + 2 x 68,400 cal.,

which we read thus : The energy of two moles hydrogen and one

mole oxygen exceeds that of two moles of water by 2 x 68,400
cal.

;
or : When oxygen and hydrogen unite to form water, water

is produced and also an amount of energy equal to 68,400 cal. per
mole of water.

This method of writing allows, in the first place, of the results of

measurement being represented in an unambiguous manner. It has

the further great advantage that it also makes it possible to calculate

the heats of reaction of processes which cannot be directly measured.

The method of doing this will be given immediately when we come to

study an actual case.

As regards the form of these calculations, it has to be further

mentioned that in future the absolute unit of energy, the erg (p. 31),

will be used in place of the arbitrary unit of heat, the calorie. Since

this unit is too small for the accuracy of thermochemical measurements
hitherto attained, the kilojoule, ^'

= 1010
erg, is used in its place. To

reduce calories to kilojoules, we have the equation 1 cal. =0-004183 kj,

or 1 kj
= 239-1 cal. The equation, therefore, for the formation of water

from its elements reads

2H2 + 2
= 2H2 + 2 x 286 kj.

186. Heat Effects in the Decomposition of Hydrogen
Peroxide. The development of heat which accompanies the decom-

position of hydrogen peroxide into water and oxygen gas (p. 186) can

be represented in a similar manner. The result obtained by measure-
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ments is that an amount of heat is developed equal to 97 kj per mole of

hydrogen peroxide. We must therefore write

2H2 2
= 2H2 + 2 + 2 x 97 kj.

From this there follows, by rearrangement,

2H2 + 2
= 2H2 2

- 2 x 97 kj.

This equation differs strikingly from the former one. Whereas in

the previous case the formation of the compound was accompanied by
a development of heat, the compound containing, therefore, less energy
than the components, the opposite is here the case. One must not,

therefore, assume that every process of combination takes place with

evolution of heat : the reverse is also possible, although less frequent.
If we write the two equations

2H2 + 2
= 2H2 2

- 194 kj

below one another and add, we obtain

2H2 + 202
= 2H2 2 + 2 x 189 kj.

Expressed in words, this equation reads : In the combination of

oxygen and hydrogen to form hydrogen peroxide, 189 kj are developed
for every mole.

In this way we obtain the heat of reaction of a process which cannot

be carried out in such a way that it can be measured, and which, there-

fore, cannot be directly investigated. The justification for this calcula-

tion lies in the fact that every formula in a thermochemical equation

represents a definite amount of energy, and in the fact that energy

magnitudes can- be added without limit. The calculation, therefore,

presupposes nothing more than the validity of the law of the conserva-

tion of energy.
On subtracting the upper equation from the lower we obtain

2H2 2 + 2H2
= 4H2 + 2 x 383 kj.

That is : on the combustion of hydrogen to water by means of hydrogen

peroxide, 383 kj per mole of peroxide are evolved. Here, again, the heat

effect of a reaction has been calculated which cannot be subjected to

direct measurement.

As can be seen from these calculations, one can, on the basis of a few

measurements, calculate the heat effect of quite a number of reactions

which take place or could take place between the reacting substances.

The number of calculations possible increases very rapidly with the

number of direct measurements. . There is a whole branch of scientific

chemistry, known as thermochemistry, which has the study of. these

relations for its object.
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These calculations can be most readily reviewed if for each com-

pound the (positive or negative) heat effect which accompanies or

would accompany its formation from its elements is calculated. This is

called the heat offormation. The heat of formation of water is equal to

286 kj ;
that of hydrogen peroxide, 189 kj.

In the sequel we shall give the heats of formation of the most

important substances so far as they are known
;
from them there can

then be calculated the heat effects of the other reactions in which these

substances take part.



CHAPTER XII

CHLORINE

187. Formation from Hydrochloric Acid and Oxygen. We
now turn to the study of hydrochloric acid, which was used (p. 129) in

the preparation of hydrogen. From those experiments it followed that

hydrogen is one of its constituents. It contains, besides, another
element called chlorine, which in that experiment did not become visible

FIG. 66.

because it united with the zinc, for which very reason, indeed, hydrogen
was formed.

To obtain this other element we must proceed in the reverse manner ;

to set free the chlorine, we must convert the hydrogen into a compound
which can be separated. This we can effect by acting on hydrochloric
acid with oxygen. If this action took place in the desired way hydro-
chloric acid plus oxygen would pass into water plus chlorine, and we
should attain our object.

As a matter of fact this process is practicable. If a current of air

193 o
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be passed through a bottle filled with concentrated hydrochloric acid

and slightly warmed, vaporisation takes place and a mixture of air

and hydrochloric acid is produced (Fig. 66). This is passed through
a heated tube filled with pieces of pumice-stone. For a reason to be

given immediately, the pumice-stone has been moistened with a solution

of copper sulphate and ignited. When the apparatus is set working,
there escapes from the tube a mixture of air, aqueous vapour, and a new
substance which betrays itself by an exceedingly unpleasant smell.

This substance further possesses the property of giving a conspicuously
dark-brown colour to a solution of potassium iodide (p. 91). Paper
dyed with vegetable colours, e.g. litmus paper, is bleached, and the

bright surface of all kinds of metals, even silver and mercury, becomes
tarnished. This new substance is the element sought for, chlorine.

The amount of chlorine obtained in this way is small. Furthermore,
the substance is contaminated by the excess of air, so that this method
is not suitable for the preparation of chlorine for laboratory purposes,
and was mentioned first only on account of the simplicity of the process.

Vine object of the copper sulphate on the pumice is to accelerate the

interaction between the hydrogen chloride and the air, for the copper

sulphate acts catalytically on this reaction in a manner similar to that

in which platinum acts towards detonating gas (p. 149).

This method for obtaining chlorine from hydrochloric acid and air is

carried out on a large scale for technical purposes, and is called, after

its elaborator, the Deacon process.

188. Another Preparation of Chlorine. Better yields and a

^purer product are obtained by employing for the transformation of the

hydrochloric acid suitable oxygen compounds instead of the gaseous

oxygen of the air. As such, there can be used most of those substances

which we have already got to know as sources of oxygen. The most
; suitable is pyrolusite, which is a compound of manganese (p. 98) a metal

similar to iron. This compound, which is rich in oxygen, occurs in

.large quantities in nature and finds manifold application in the arts.

The flask A, Fig. 67, contains pyrolusite in coarse lumps and is

igently warmed on the water-bath. The hydrochloric acid is contained

in the dropping-funnel B, by which means the acid can be allowed to

.flow to the pyrolusite as required. The evolved gas is led away through
the tube C, washed with water in D to remove the hydrochloric acid

present, and dried with sulphuric acid in E.

A still more convenient method for obtaining chlorine depends on

the use of bleaching-powder, since this substance gives a copious evolution

of chlorine, even in the cold, when treated with hydrochloric acid. For

this method a simple bottle is used, partly filled with bleaching-powder
and furnished with a dropping-funnel, in which the concentrated

hydrochloric acid is placed. The evolution of gas takes place in pro-

portion as the acid is allowed to flow to the bleaching-powder.
The theory of this process cannot be given till later (Chap. XXVI.) ;
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it must suffice here to indicate that we are again dealing with an oxida-

tion of the hydrochloric acid, the hydrogen of the latter being converted
into water.

189. Properties of Chlorine. By these methods a gaseous
substance is obtained of a yellowish-green colour, which is distinguished

by very striking properties from all the gases hitherto described. It

possesses in the highest degree the unpleasant smell we have already
mentioned, has a corrosive action on the mucous membrane of the

mouth and nose, and is therefore very harmful and poisonous. This

gas cannot, like oxygen or hydrogen, be collected over water, since it

is fairly soluble in that liquid. In other cases mercury is used for such

gases, but it cannot be employed here, since it immediately combines
with chlorine. In order to collect the gas, use is made of its great
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FIG. 67.

if the gas is conducted to the bottom of a dry bottle, it remains

at the bottom and gradually displaces the air. By holding a piece of

white paper behind the bottle, it is easy to observe the progress of the

filling, the green gas forming a distinct contrast to the colourless air.

When the bottle is filled, it is closed by a ground-in stopper, rendered

tight with vaseline, and the filling of a fresh bottle is proceeded with.

Since some chlorine always escapes into the air during this process,
the preparation must be carried out in a well ventilated fume chamber,
or else in the open air. Also, while the bottle is being filled, it may be

closed by a doubly bored cork through which a supply and a discharge
tube pass. By means of a wash-bottle with caustic soda, it is then

possible to render the escaping gas innocuous.

As is seen from this behaviour, the density of chlorine gas is con-

siderably greater than that of air ;
its molar weight has been found
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by measurement to be 71. Chlorine is therefore about 2-3 times as

heavy as oxygen (M.W. =32), and 2-5 times as heavy as air.

Chlorine is distinguished from the gases hitherto considered by
the fact that it obeys the gas laws with much less exactness. Like all

gases of comparatively great density, it exhibits measurable deviations

even under ordinary conditions
;

for with increase of pressure or fall

of temperature its density increases more than it ought to, according to

the gas laws.

Connected with this is the fact that chlorine can be fairly easily
condensed to a liquid. At a pressure of 3-7 atmospheres is sufficient

for this
;

at room temperature (18) the pressure amounts to 16-5

atmospheres, and the critical temperature is reached only at 146.
Above this temperature chlorine cannot be converted into a liquid by
any pressure. The highest pressure just below this temperature by
which chlorine can still be liquefied, i.e. the critical pressure, amounts
to 94 atm.

These properties, then, make it possible to condense chlorine into

steel bottles which have been tested for a considerably higher pressure
than the critical pressure, and in which the chlorine can be stored and

transported. Although chlorine under ordinary conditions, especially
when moist, eagerly combines with almost all metals, carefully dried

chlorine shows itself so inactive that there is nothing to prevent its

manipulation in metallic vessels. By means of an adjustable cock the

gas can be withdrawn from such a holder (Fig. 53, p. 147), as desired,

and one is thereby spared the very troublesome preparation of the gas
when much of it is required.

The peculiar action which water exhibits here is not limited to

chlorine
;

there are very many reactions which take place only in the

presence of water with such velocity that the result can be observed

in a measurable time. All these must be numbered along with the

catalytic phenomena (p. 150).

Liquid chlorine has the green-yellow colour of the gas in a much

higher degree. It is an oily liquid, of density 1-56.

At lower temperatures chlorine passes into a solid, crystalline sub-

stance which exhibits the same green-yellow colour as is shown by
chlorine in its other states.

190. Solubility in Water. Chlorine dissolves in water in fairly

large amount ;
under ordinary circumstances one litre of water absorbs

about three litres of chlorine. The solution, which has the smell and

taste, as well as the corrosive and bleaching properties, of chlorine gas,
is called chlorine water, and is used for chemical and medical purposes.
As is the rule with gases, more chlorine is dissolved at a lower tempera-
ture than at a higher.

More exact investigations into the condition of chlorine in aqueous
solution have shown that it is not a case of simple solution, but that

chemical reactions take place between the chlorine and the water.
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We can enter into this more fully only after the other compounds of

chlorine have been described.

191. Decomposition of Chlorine Water in Light. Chlorine

water must be kept protected from the light, since it undergoes a

remarkable decomposition under the influence of illumination. The
chlorine then combines with the hydrogen of the water to form hydrogen
chloride or hydrochloric acid, and oxygen is set free. In strong sunlight
this reaction takes place so quickly in saturated chlorine water that the

liquid sparkles like soda-water. If the gas is collected, one can easily
convince one's self of its chemical nature by the bursting into flame of a

glowing splinter.

Actions of this kind, whereby chemical processes are brought about

or accelerated by the influence of light, are called photochemical, and

the science which studies them is called photochemistry. These pro-
cesses are of very great general and technical importance. On the

one hand, the processes by means of which green plants build up their

structures depend on photochemical phenomena, as can be seen from

the fact that the plants cannot grow when the light is shut out. On
the other hand, photochemical processes are turned to practical account

in photography, which, along with the arts dependent on it, has now
obtained an extensive application in the most varied departments of

work.

The action of light on the decomposition of chlorine water should

probably be interpreted as an acceleration of a process which of itself

takes place very slowly, for the reaction occurs also to an appreciable
extent in darkness, and the chemical equilibrium is such that dilute

hydrochloric acid and oxygen represent a more stable system than an

aqueous chlorine solution.

The different kinds of light do not act equally strongly on chlorine

water ; the red rays are found to be almost without effect, whereas the

blue and the violet, as well as the invisible rays of still shorter wave

length, the ultra-violet rays, exhibit a much greater activity. Similar

relations are observed in many other cases of photochemical action. It

would, however, be incorrect to regard the rays of short wave length as

being, therefore, specially active chemically. The region of rays in

which the greatest chemical activity is manifested is entirely dependent
on the chemical process influenced by the light. In particular, the most

important photochemical process, the assimilation in green plants,

proceeds with greatest energy in yellow and red light.

On comparing the process under discussion with that described

on p. 194, where chlorine and water were produced from hydrochloric

acid and oxygen, a contradiction seems to be contained in the foregoing

statement, for in that case exactly the opposite reaction took place, and

chlorine in contact with water formed a more stable system than

hydrochloric acid and oxygen. The difference lies in the fact that in

the former case we were dealing with gaseous hydrogen chloride, but
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here with a dilute aqueous solution of it. The stability of a compound is

frequently much greater in solution than in the pure state, and chemical

reactions can, therefore, readily undergo reversal, according as the one

or the other condition obtains.

192. Chlorine Hydrate. The Phase Law. When gaseous
chlorine is passed into ice-cold water it is best to have some pieces
of ice floating in the liquid a greenish crystalline substance soon

separates out. This consists of chlorine and water according to the

formula- C12 + 8H20, and is called chlorine hydrate. Under atmospheric
pressure this substance is stable only up to +9-6

;
if heated to a higher

temperature it decomposes into chlorine, which escapes as a gas, and
water (saturated with chlorine), which remains behind. If the pressure
be increased, chlorine hydrate can be kept at still higher temperatures ;

if it be lowered, the temperature of stability of the hydrate becomes

lower. There corresponds to each temperature, therefore, a definite

pressure of the chlorine gas, at which the hydrate can exist.

These relations show the greatest similarity to those existing in

the case of a volatile liquid (p. 50), where the possibility of liquid and

vapour existing side by side is also associated with a definite pressure,
which increases with rising temperature but is independent of the

relative or absolute amounts of the two forms. In this case also, the

existence of chlorine hydrate in contact with gaseous chlorine and
solution is regulated only by a relation between pressure and tempera-
ture, and the quantity relations have no influence.

A difference exists here, however, in so far as, in the condition of

equilibrium, there are present, not two phases (p. 58), but three, viz.

chlorine hydrate, saturated aqueous solution of chlorine, and gaseous
chlorine. This is due to the fact that we are not now dealing with the

equilibrium of a single substance, as in the case of water, but with two

substances, water and chlorine. In the same measure as the number of

substances increases, the number of phases which can exist side by side

also increases.

Just as water along with vapour or along with ice, i.e. two phases
of water, can exist side by side at different temperatures, but three

phases, viz. water, vapour, and ice, only at one single temperature, so in

the present case there can exist three phases side by side at different

temperatures, and there must be a single point at which four phases can

be present. Such a point is got when we assume ice as fourth phase.
As a matter of fact, ice, chlorine hydrate, chlorine water, and chlorine

gas can exist side by side at the temperature
- 0-24. This possibility,

however, is restricted to this one temperature ;
if the temperature be

raised, the ice disappears and three phases remain
;

if the temperature
be lowered, the chlorine water disappears, passing into ice and chlorine

hydrate, and again three phases are left.

The pressure also, as well as the temperature, is definite at

this point. It amounts to 24-4 cm. If it be increased, the gaseous
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chlorine disappears ;
if it be reduced, one of the other phases

disappears.
All these relations are quite similar to those obtaining for one sub-

stance, only the number of the phases has been increased by one, by
which number, also, the components have been increased. We are here

dealing with a quite general law, which was established by Willard
Gibbs. This

"
phase law

"
is expressed by the formula

In this formula, P denotes the number of the phases, F the degrees of

freedom, in the sense given on p. 57. C is the number of the com-

ponents in the system considered. In the case of one component the

sum of the phases and the degrees of freedom is three, i.e. one-phase

systems have two, two-phase systems one, and three-phase systems no

degrees of freedom, as has been shown in the case of water (and of every
other substance which can occur in different states). In systems of two

componentsfour phases are required to produce a system with no degrees
of freedom, and every three-phase system has one degree of freedom

;

in water and chlorine we have just had an example of this. In what
follows we shall find manifold application of this important law.

In this connection, however, it must be noted that the constant

number, 2, holds only when the number of energies considered is two

(volume and heat energy). Each kind of energy in addition to these

gives rise to one further degree of freedom.

193. Chemical Properties of Chlorine. Chlorine is a substance

of great chemical activity, and, unlike oxygen, manifests this even1 at

the ordinary temperature. This is not due to a much greater amount of

energy becoming available when chlorine acts on other substances than

when the corresponding processes take place with oxygen ; indeed, it

is pretty much the same in both cases. The greater chemical activity

of chlorine is rather to be attributed to the greater velocity with which

its reactions proceed at ordinary temperatures compared with those

of oxygen.
One can convince one's self of this readiness to act by means of com-

bustion experiments which are quite similar in appearance to those

with oxygen, in which, however, the other substances do not require to

be first ignited. On the contrary, they ignite spontaneously.

Thus, a ball of Dutch metal (which consists chiefly of copper) or of

thin copper-foil, immediately becomes incandescent when thrown into

a bottle containing chlorine, and the chlorine compound of copper is

formed. The metal antimony forms a rain of fire when allowed to fall in

the form of a fine powder into chlorine. Phosphorus introduced into

chlorine likewise ignites spontaneously, and burns with a livid flame

forming a greenish-white solid substance which settles on the sides of

the bottle.

194. Combustion without Oxygen. We have here phenomena
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which show all the characteristics of the combustions in oxygen gas.

From this we must therefore draw the conclusion that combination with

oxygen is not necessary for combustion in the wider sense. On the

contrary, other chemical processes can give rise to these phenomena if

they take place with sufficient velocity, and with the development of so

much heat that the products of reaction are thereby raised to in-

candescence, i.e. to at least 500.

If gaseous substances or vapours are formed in the reaction, we
obtain the phenomenon of flame which is formed by the incandescent

gas ; otherwise, one sees only incandescent liquid or solid masses, as

in the case of the combustion of iron (p. 108).

If one bears in mind what was said on p. 107 concerning rapid com-

bustion, it will at once be seen that the characteristic phenomena in the

case of the action of chlorine depend on the fact that even at ordinary

temperatures the velocity of the chemical processes has a large value.

195. Sub-Chlorides and Chlorides. In a manner similar to the

cases already mentioned, chlorine is able to combine with most of the

elements. The metals, especially, are capable of yielding such com-

pounds. The names of these compounds are formed by adding the

word chloride to the name of the other element
; thus, copper chloride,

antimony chloride. By this nomenclature we can, when the chlorine

is capable of forming different compounds with the same element, dis-

tinguish several degrees. In this case the compound containing less

chlorine is called sub-chloride
;
that containing more chlorine, chloride.^

If still more stages have to be expressed, the lowest is designated proto-,

and the highest super-, hyper-, or perchloride.

Of the different compounds which can be formed from chlorine we
shall mention still one example. If the metal sodium is placed in a tube

through which a current of chlorine is passing, and is gently warmed,
the two elements combine with great energy andwith great development
of heat. The product of the reaction is a white crystalline substance,

which is really soluble in water, has a saline taste, and can in no way be

distinguished from common salt. The chemical name for common salt

must therefore be sodium chloride, since it is formed from the elements

chlorine and sodium.

196. Chlorine and Hydrogen. One of the most important com-

pounds of chlorine is that with hydrogen. If a jet of hydrogen gas
be ignited and the flame introduced into a cylinder containing
chlorine (Fig. 68), the hydrogen continues to burn

; only the colour

of the flame changes from blue to a whitish green. The combustion

continues some time, but the flame finally goes out and the greenish
colour of the chlorine in the cylinder has now disappeared. In its place

1 In English, it is customary to express these relations by the terminations -ous and
-ic affixed to the name of the metal. Thus, copper sub-chloride is called cuprous
chloride, and the higher chloride, cupric chloride. Similarly also, mercurous chloride

and mercuric chloride, ferrous chloride and ferric chloride, etc. Tr.
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is a colourless gas which, in contact with the moist air, forms a dense,
white mist, and is much more readily absorbed by water than chlorine!
If the cylinder is rinsed out with water, a liquid with a strong acid
taste is obtained, which does not bleach blue litmus paper as chlorine
does, but changes the colour to red.

It can be conjectured what is produced in the combustion of chlorine
and hydrogen. Hydrochloric acid or hydrogen chloride we already
know to be a substance from which chlorine and hydrogen can be
obtained

; accordingly,

hydrochloric acid is to be

looked for as the product
of the interaction of these

two gases.

As a matter of fact,

the same properties are

shown by the aqueous
solution of the product of

combustion as by hydro-
chloric acid. In a dilute

state it has a strong acid

taste and reddens litmus

paper. It is true that

there are a number of

other substances which
also have these properties ;

still one can satisfy one's

self by means of reactions FIG. GS.

which are given only by
hydrochloric acid, that hydrochloric acid is, indeed, the only substance

formed in the combustion of hydrogen in chlorine.

197. Indirect Formation of Hydrochloric Acid. The com-

pound of chlorine with hydrogen can be formed not only when the

latter element is present in the free state, but also in very many cases

by the action of chlorine on compounds containing hydrogen.
An example of this has already been given in the decomposition of

water by chlorine under the influence of light (p. 197). A similar

process is seen in a more striking manner by introducing a piece of

paper moistened with turpentine into a bottle of chlorine. Turpentine
consists of hydrogen and carbon

;
with the former, chlorine combines

after a few moments with evolution of much heat and the production
of a dark-red flame. At the same time, the carbon separates out as a

black soot. That hydrochloric acid has been formed in this reaction

is found on washing out the contents of the bottle with water
;

these

exhibit exactly the same properties as were shown by the product of

the combustion of hydrogen in chlorine.

The burning of a wax candle in chlorine depends on the same
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relations. Wax also consists chiefly of hydrogen and carbon (along
with some oxygen). If a burning wax candle be introduced into a

bottle of chlorine it continues to burn
;

at the same time, however,
the flame becomes dusky red in colour and emits large quantities of

soot or carbon, since the chlorine cannot under these conditions

combine with the carbon. In this case, also, the formation of hydrogen
chloride can be easily demonstrated.

Some of the important technical applications of chlorine depend
on its power of withdrawing hydrogen from substances containing
it, and therefore destroying them, i.e. converting them into other

substances.

On the one hand, chlorine is used for bleaching. The vegetable
fibres from which textile fabrics and paper are made are generally not

colourless, as it is desirable they should be for use or for being further

dyed, but contain natural dyes which must be removed from them.
For this purpose they are treated with chlorine, which removes hydrogen
from the dyes and converts them into other, non-coloured, compounds.

. Along with this dehydrogenising action, oxidation takes place by
means of the chlorine. This depends on the co-operation of water,

which, as we have already seen, is decomposed by chlorine with elimina-

tion of oxygen. If this process takes place in the presence of other

substances which can form oxygen compounds, these are formed with

special readiness, i.e. the substances are oxidised.

On the other hand, chlorine is used for disinfecting and sterilising.

This action also depends on the withdrawal of hydrogen from or the

oxidation experienced by malodorous and other harmful substances

through the agency of chlorine. Especially is chlorine a violent poison
for the small living organisms by whose activity rotting, putrefaction,
and the like, are caused, and which play a part in the spread of certain

diseases. The application of chlorine for such purposesis, unfortunately,

very greatly limited by the fact that it is also a very harmful substance

for the higher organisms, and on somewhat more prolonged action can

give rise to serious symptoms.
198. Composition of Hydrogen Chloride. The combination of

chlorine with hydrogen is, likewise, subject to Guy-Lussac's law of

volume ratios in the interaction between gases (p. 168). In fact, chlorine

and hydrogen combine in equal volumes, and the hydrochloric acid gas
formed occupies the same volume as was previously occupied by the

mixed gases. Whereas, therefore, there was, in the formation of water

vapour, a diminution from three volumes to two, we have in the present
case a combination without change of volume. The molar weight of

hydrochloric acid gas is therefore obtained as the half of the sum of

the molar weights of chlorine and hydrogen. This calculation is, in

numbers,
C12 +H2

= 2HC1

70-90 + 2-02 = 2x36 -46.
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One can convince one's self of these relations, both by the decom-

position of hydrogen chloride, that is, by analysis, and by the formation

of hydrogen chloride from its elements, that is, by synthesis.
When an electric current is conducted through strong hydrochloric

acid by means of two platinum plates, chlorine appears at the one

plate, and hydrogen at the other. The energy which was set free on
the formation of the hydrogen chloride from chlorine and hydrogen,
and on the solution of the hydrochloric acid gas in water, is again given
back by the electric current, which therefore makes it possible for the

two elements to separate in the free state. The details of this process
will later form the subject of exhaustive consideration

;
at this point,

we rest satisfied with the result that the hydrochloric acid is decom-

posed by the electric current, and that its elements are evolved

separately.
This experiment is performed in the apparatus shown in Fig. 64,

on p. 167. On starting the process by passing the electric current

after the apparatus has been filled with strong hydrochloric acid, gas
is at first seen to be evolved only at one electrode

;
this gas is hydrogen.

At the other electrode there is only a yellow-green coloration produced,
because the chlorine evolved dissolves in the hydrochloric acid. Gradu-

ally this becomes saturated with chlorine, and gas is evolved regularly
at both plates, or

"
electrodes."

After the first portions of gas have been allowed to escape by
opening the taps, it is easy to satisfy one's self that the two limbs of the

apparatus become filled simultaneously with equal volumes of gas, and

that, as a matter of fact, therefore, equal volumes of the two gases are

produced in the decomposition of hydrochloric acid.

That one of the gases is hydrogen is shown by the fact that it

burns with a blue flame in the air. The other gas can be recognised
as chlorine, even by its colour

;
the smell and the bleaching action on

a piece of litmus paper confirm this.

199. Formation of Hydrogen Chloride from its Elements.

If, on the other hand, a mixture of equal volumes of chlorine and

hydrogen is prepared, it can be ignited by an electric spark in the same

way as detonating gas, and is completely converted, with explosion,

into hydrochloric acid. In this case, however, there are some remark-

able phenomena to be observed.

It is not only by rise of temperature that a mixture of equal volumes

of chlorine and hydrogen, which, on account of the similarity mentioned,

is called chlorine detonating gas, passes into hydrogen chloride ; light,

also, has the property of bringing about this combination. Weak light,

such as subdued daylight in a room, acts rather slowly ; strong light,

such as the rays of the sun, produces such rapid action that a violent

explosion takes place.
The experiment can be carried out in the following manner. A

white glass bottle is filled in the ordinary way with chlorine, and
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another of equal capacity with hydrogen. After the removal of the

corks from both bottles, the one containing hydrogen is placed, mouth

downwards, on the bottle containing chlorine. This operation must be

carried out in a room illuminated only by a candle standing at some
distance. To ensure a more air-tight junction, an indiarubber ring
can be placed between the two bottles, and, for convenience of mani-

pulation, these can be clamped together in a frame (Fig. 69). By
inverting the bottles several times, the contents are mixed

;
the bottles

are then separated, closed with the corks and wrapped in black paper
or placed in light-tight cardboard cases.

If one of these bottles be now placed in direct sunlight, taking care

that no harm can be done by the glass splinters which fly abot, au
violent explosion takes place. If, on the other hand,
the other bottle be allowed to stand uncovered in a

P corner of the room, not too brightly illuminated, no

change, apparently, takes place in it. After some

time, however, varying according to the strength of

the light, the green colour of the chlorine disappears
and the contents of the bottle appear colourless. If,

now, the neck of the bottle be placed under mercury
and the cork removed, neither does gas pass out nor

mercury enter, which shows that the combination of

the two gases has taken place without change of

volume. 1

If the bottle be now placed over water, the latter

dissolves the hydrogen chloride and rushes with great

rapidity into the bottle. As a rule, a small gaseous
residue is left, because, under the conditions of the

experiment, it is not practicable either to have the

gases quite pure or exactly in the proper pro-

portions. That hydrochloric acid has been produced is shown by the

water having an acid taste and reddening blue litmus paper.
200. Electrolytic Preparation of Chlorine Detonating Gas.

The same relations can be observed in a more convenient manner
and independently of sunlight, as follows. Concentrated hydrochloric
acid is decomposed by the electric current in the vessel A (Fig. 70),

which is furnished with two electrodes of carbon (thin arc-light carbons),

or of platinum. Under these conditions the gases produced immediately
mix and, after the evolution has been going on for a half or a whole

hour, in the right proportions. In the bulbs which are blown on the

delivery tube there are a few drops of water to free the gases from the

hydrochloric acid which they carry over. Attached to the delivery
1
Sometimes, if the gases were not dry, some mercury passes into the bottle, part of

the hydrochloric acid which was produced having dissolved in the water present. It is

necessary, therefore, to see that the gases are dry, and the simplest way is to fill the

bottle with hydrogen also by displacement, the bottle being inverted and gas passed in

through a tube reaching to the top.

FIG. 69.
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tube is a. series of glass bulbs blown out of thin glass and connected by
thin-walled capillaries ; they may be 4 to 6 cm. in diameter. These
are filled with the explosive mixture by displacement. Since this is

heavier than air, the row of bulbs is placed in an upright position and
the gas passed in at the foot. All this must be done in a weak light,
with exclusion of daylight ; for this purpose the light is most conveniently
supplied by a lamp with yellow cylinder such as is used for photographic
purposes. After the gas has been passing for at least half an hour,

precautions being taken to carry off the excess, the two ends of the
row of bulbs are closed for the time being with wax

; one then proceeds
to melt off the bulbs from one another.

i i Although the chlorine detonating gas can be caused to explode by
heat, the capillaries can, without danger, be softened in a small gas

FIG. 70.

flame and closed by drawing out. The gas which is directly heated

burns, certainly, to hydrochloric acid, but the combustion does not

pass into the bulbs, because the heat which is developed is taken up
by the glass walls of the tube.

With the bulbs of chlorine detonating gas prepared in this way,
the experiments described can also be carried out ; the explosion of

these is unattended with risk, since the light glass splinters can scarcely
do any damage. Instead of sunlight, burning magnesium can be used

to bring about the explosion : either magnesium powder is placed in a

glass tube 1 cm. wide and blown into a flame, or a lamp is employed such

as is used in taking flash-light photographs. In both cases the bulbs

with the explosive mixture must be placed very close to the flame.

201. Photochemical Actions. It follows from the experiments

described, that the action of light on the chlorine detonating gas,

similarly to that on chlorine water (p. 197), consists in increasing the

velocity of combination of the two components. It has been repeatedly
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explained that there is reason to suppose that in every system in which
a chemical process can take place, that process really does take place,

although often only with an immeasurably small velocity. In the case

of the chlorine detonating gas, also, we may make such an assumption,
and that the action of light consists in increasing this immeasurably
small velocity to a measurable one.

In fact, it has been shown by appropriate investigations, that the

velocity of transformation of the chlorine detonating gas into hydro-
chloric acid is proportional to the strength of the light acting.

The manner of this action is still somewhat obscure. We must

by no means assume that the energy of the light is expended in bringing
about the reaction. No energy is consumed in the combination of the

gases ;
on the contrary, a fairly large amount of energy is set free,

as follows from the phenomena of explosion, and the spontaneous trans-

mission of the combustion through a tube at the end of which it is

initiated. From the observation that completely dry chlorine detonat-

ing gas is scarcely sensitive to light, combined with some other facts,

it becomes probable that we are dealing here with a rather complicated

process which takes place with the co-operation of the elements of water.

202. Hydrochloric Acid. Hydrochloric acid is met with in com-
merce as a liquid like water, which, in the pure state, is colourless

;

the crude hydrochloric acid, however, is generally coloured yellow

through contamination with iron. This is not the pure compound
hydrogen chloride, but a solution of it in water. Pure hydrogen chloride

is a gas, and as such is difficult to employ and to transport. A solution

of it in water, containing rather more than a third of its weight of

hydrogen chloride, is therefore used. Solutions containing this amount or

more of hydrogen chloride fume in the air, gas being given off
;
solutions

containing less than 20 per cent of hydrogen chloride no longer fume
at the room temperature.

In order to obtain pure hydrogen chloride gas from its solution,

commercial hydrochloric acid, it is necessary to withdraw the water

from the latter. We have already learned that concentrated sulphuric
acid can be used for such purposes. Accordingly, our apparatus con-

sists of a bottle through the cork of which pass a dropping-funnel and

delivery tube. The tube of the dropping-funnel, which is filled with

fuming hydrochloric acid, is drawn out to a narrow point and reaches

to the bottom of the flask. If the tap be opened and the hydrochloric
acid allowed to pass slowly into the sulphuric acid, the water is taken

up by the latter and the hydrogen chloride escapes as a gas.
The upper part of the generating flask does not become coloured ;

hydrogen chloride is, therefore, colourless. It cannot be collected over

water, nor can it be collected well by displacement, since it is only

slightly heavier than air. It can, however, be collected over mercury
since this is not attacked by hydrogen chloride when both substances

are pure.
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The use of mercury for collecting such gases as are readily dis-

solved by water is due to Priestley (1780), and was, at the time, an

important discovery, since it led directly to the knowledge of quite a
number of gases which are dissolved by water, and of which, therefore
one could previously know nothing. The mercury trough which is

used in such operations is generally made of porcelain, and of such a
form that the quantity of this rather expensive metal required to fill

it is as small as possible.
203. Properties of Hydrogen Chloride. Hydrogen chloride is

a colourless gas, the density of which amounts to 36-5, corresponding
to the formula HC1. It is, therefore, a little heavier than air. By
pressure and cold, it can be converted into a liquid; at -113 it

solidifies. The liquid boils under atmospheric pressure at - 80
; its

pressure at amounts to 2-8 atm.

Liquid hydrogen chloride is a colourless, rather indifferent liquid,

exhibiting little of the chemical reactivity which can be observed in

the case of its aqueous solution. The liquid neither acts on metals,
nor reddens litmus, nor, when water is carefully excluded, does it show

any of the other properties of acids. This

remarkable contrast to the behaviour of the

aqueous solution has great significance and
will be explained later (p. 225).

Of the other properties of hydrogen
chloride the most striking is its great

solubility in water. At room temperature,
one volume of water absorbs 450 volumes of

the-gas. By the absorption, a large quantity
of heat is developed, which points to a

reaction between the water and the hydrogen
chloride gas. This reaction is of a special

kind, and will be discussed more fully at a

later point.
The great solubility of hydrogen chloride FIG. 71.

in water can be shown by blowing a little

water up through the mercury to the gas collected in a cylinder,

by means of a pipette bent at the lower end (Fig. 71). !
The

mercury immediately ascends and, if the gas is pure, again fills

the cylinder. There generally remains, it is true, a bubble of air

unabsorbed since it is very difficult to remove the last traces of

foreign gases.
The water which was added has been converted, by the ab-

sorption of the hydrogen chloride, into hydrochloric acid. If a

piece of metallic magnesium be introduced under the mercury and

allowed to pass up to the hydrochloric acid, it decomposes this,

combining with the chlorine and liberating the hydrogen. When the

evolution of gas has ceased, it is easy to convince one's self that
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the gas is hydrogen and that its volume is half that occupied by the

hydrogen chloride gas.
1

204. Absorption of Hydrogen Chloride by Water. In pass-

ing hydrogen chloride in comparatively large quantity into water for

the purpose of preparing aqueous hydrochloric acid, some precautions
must be observed on account of the violence of the absorption. The

apparatus used for this purpose is shown in Fig. 72. The hydrogen
chloride gas is generated in A

;
B is an empty wash-bottle, and C a

wash-bottle half filled with water. The two wash-bottles are connected

up opposed to one another, so that in B the gas enters through the short

and escapes through the long tube ; ;
in the reverse manner, receives

the gas through the long
tube. When the gas is

evolved, it first fills the

empty bottle B, and then

passes over into C, where
it is absorbed by the water

;

the admixed air escapes

through the short tube.

If, now, for any reason, the

evolution of gas should

cease, the water would, if

the bottle B were not there,

pass back into the generat-

ing flask A, on account of

the absorption of the gas ;

by the action of the water

FIG. 7-2. on the concentrated sul-

phuric acid, an explosion

might result, and, in any case, the experiment would be spoiled. The
bottle B guards against this contingency. If regurgitation should

occur, the water cannot get farther than B, and if the pressure in A is

further reduced, air passes from C through the liquid in B. When
the pressure in A again rises, the liquid is first forced over from B
into G again, and the absorption goes on regularly.

Besides the one described, there are many other safety arrange-
ments to prevent the liquid passing back into the generator. One of

the simplest of these consists in inserting an open funnel tube in the

cork of the generator itself (Fig. 72). It will be easy for the reader

1 To ensure the siiccess of the experiment, the apparatus must previously be carefully

dried, as, otherwise, the volume of the hydrogen chloride, on account of its great solu-

bility in water, appears too small. Also, one must not omit to bring the gas under the

same pressure as at the commencement of the experiment. This is most simply accomplished
by closing the cylinder under mercury, placing it in a large vessel of water, and sinking
it until the level of the water outside and inside is the same. It is here presupposed
that in measuring the hydrogen chloride over mercury, that gas also was under atmo-

spheric pressure.
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himself to work out the action of this in the case of diminished

pressure.
When somewhat larger quantities of hydrogen chloride are dissolved

in water, the temperature of the solution rises to an undesirable height,

owing to the heat developed in the process. The solution is therefore

cooled by placing the bottle in cold water or surrounding it with ice.

In the commercial preparation of hydrochloric acid the hydrogen
chloride is, of course, not prepared by the method employed by us.

It is obtained by the action of sulphuric acid on common salt, accord-

ing to a chemical reaction, the theory of which cannot be developed till

later (Chap. XV.).
205. Hydrogen Chloride and Water. Most gases dissolve in

water to a much less extent than hydrogen chloride, and the absorp-
tion follows a law discovered by Henry, which states that the amount
dissolved is proportional to the pressure. In the case of hydrochloric
acid this law is not even approximately fulfilled

;
on the contrary, the

greater portion of the gas is absorbed independently of the pressure,
and an increase of pressure effects only a small increase in the amount
dissolved.

This behaviour points to the fact that in the case of the absorption
of hydrogen chloride a special chemical process also takes part. This

process consists in the elements of hydrogen chloride passing, in aqueous

solution, into another condition. It is very remarkable that anhydrous

liquid hydrogen chloride does not exhibit the properties of an acid

(p. 207), although it contains the elements of one. This is due to the

fact that the characteristic properties of acids are not exhibited by the

components of hydrogen chloride until this is converted, through
solution in water, into the other condition.

When, therefore, hydrogen chloride is dissolved in water, ^two pro-
cesses occur. One portion of the acid, which is all the greater the

more dilute the solution, passes into the new condition ;
another

portion dissolves unchanged as hydrogen chloride. The first portion
does not follow Henry's law of the absorption of gases, but only the

second. For this reason the amount absorbed increases more slowly

than the pressure.
There is a further remarkable phenomenon connected with this.

Hydrogen chloride, in the pure state, boils at - 80 under atmospheric

pressure ;
water boils at + 100. One would suppose, therefore, that

the boiling points of aqueous solutions of hydrochloric acid would lie

between these two temperatures. This, however, is the case only for

very concentrated solutions
;
more dilute solutions, on the other hand,

boil at a higher temperature than water, so that by the addition of

the very volatile substance to water, the volatility is not increased but

diminished.

The relation between composition and boiling point is represented

by the curve (Fig. 73), in which the percentage content of hydrogen
p
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chloride is measured on the horizontal axis, and the boiling points under

atmospheric pressure on the vertical. As can be seen, the curve reaches

a maximum at 110, corresponding to a 20% solution, and all other

mixtures boil lower than the 20% acid.

This fact causes the following behaviour on distillation. We
premise that, on distillation, the composition of a mixture can evidently

change only in such a way that the boiling point rises, for the more

volatile, i.e. the lower boiling portion, must pass over first, and the

residue must therefore, necessarily, boil higher than the original mixture.

If now the strength of

the acid solution is below

20%, lower boiling, more

dilute acid must distil

over, and a stronger,

higher boiling acid re-

mains behind. This
continues until the resi-

due contains 20% of

hydrogen chloride. An
acid of this strength
cannot leave a higher

boiling residue, for it is

itself the highest boiling
mixture

;
it must, there-

fore, distil over un-

changed, and this has

been shown by experi-
ment to be the case.

Conversely, if one

starts with an acid

700% a.a stronger than 20%, a

still stronger acid must
distil over, for the

weaker acid has the higher boiling point, and therefore remains behind.

But this separation, also, cannot be carried on indefinitely, for when

the strength of the solution reaches 20% no acid of higher boiling

point can be formed, because there is none such, and the liquid must

distil over unchanged.
We may therefore start with an acid of any concentration ;

on

distillation, there always remains 'at the last an acid of 20%, and a

distillate consisting of a more dilute or more concentrated acid will be

obtained according as one started with an acid containing less or more

than 20% of hydrogen chloride.

The error has often been made of regarding this constant boiling

acid as a definite chemical compound. It is not one, for the com-

position of the constant boiling acid is dependent on the pressure under

-100

-150
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which the distillation is carried out. Under 2-3 atm., the mixture
contains 18%, under 0-066 atm., 23% of acid.

On the contrary, on the basis of what has been said above, we may
state the general theorem that every solution, the boiling point of which
is higher than that of the neighbouring solutions on either side of it,

will distil with constant composition. By quite similar reasoning it is

easy to convince one's self that solutions also, the boiling point of which
is lower than that of the neighbouring solutions on either side, cannot
be separated by distillation. In this case, however, the solution of

unchanging composition appears not in the residue but in the distillate.

Finally, the relations which have been described for hydrochloric
acid give the explanation of a phenomenon which appears in a striking
manner in the case of hydrogen chloride gas, and which is also noticeable

in the case of concentrated hydrochloric acid, viz., the fuming of this

substance in air. It is known that hot water fumes or forms a mist

in the air, because, as a result of its higher temperature, it gives off more
water vapour than can remain in the gaseous state at the temperature
of the air. Water, however, of the temperature of the air, can never

form a mist, for it cannot possibly give off more vapour than can be

contained in the vapour form in the air. Concentrated hydrochloric

acid, however, fumes even without being warmed.
The reason of this is that the evaporating hydrogen chloride en-

counters water vapour in the air, with which it forms a liquid the vapour
pressure of which is much smaller than that of the concentrated acid.

This solution will, therefore, be precipitated in the form of a mist.

Dilute acid does not fume, for the reason that its vapours cannot form

& less volatile solution with the water vapour in the air, since they
contain more water than the difficultly volatile 20% acid. On the

other hand, the concentrated acid fumes only in moist air
;

if acid,

however concentrated, be placed in a bottle the interior of which is

dried with sulphuric acid, no trace of fumes or mist is seen.

From these considerations we may conclude that every substance

which can form with water a solution (or compound) of considerably

higher boiling point, must fume in moist air, whereas this cannot

happen with substances which do not have that property. We shall

in the sequel have frequent opportunity of applying and confirming
this theorem.

206. Properties of Acids. Hydrochloric acid, or the aqueous
solution of hydrogen chloride, is a strong acid. In the name acid there

is summed up a whole series of properties possessed in common by
substances of different composition. Of these properties the longest

known is the acid taste, which, as we know, is possessed by very different

substances. A second property shown by all substances with acid

taste is the power of reddening the colouring-matter litmus (p. 178).

A third common property is that of evolving hydrogen when brought
into contact with certain metals, such as zinc or magnesium.
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This last is, for us, the most important property of all. One can
test whether it is a property of all acid substances by bringing acid

liquids of all kinds, such as vinegar, acid fruit-juices, dilute hydrochloric
acid or sulphuric acid, a solution of citric acid, etc., in contact with

magnesium powder. In all cases, a more or less vigorous evolution of

gas takes place, and on testing the gas, it is found to be hydrogen.
If we introduce the name acid for the substances possessing these

properties, we can say that all acids contain hydrogen, which they evolve

under the action of magnesium. The objection might be raised that

the hydrogen comes from the water in which all the acids were dissolved ;

with regard to hydrochloric acid, however, we already know that it

contains hydrogen, and the same has been proved by chemical analysis
with regard to the others. On the other hand, water does not appreci-

ably act on magnesium at room temperature.
The properties we have just described are not possessed by all

hydrogen compounds ; they are wanting in the case of water and also

in the case of spirit of wine, petroleum, stearin, etc. It is easy to

satisfy one's self that these substances contain hydrogen by setting them
on fire and holding over the flame a clean, dry glass ;

it is immediately
covered with a dew of water drops. The hydrogen of the acids, there-

fore, must also be in the special condition mentioned on p. 209, by
reason of which it acquires properties belonging only to the acids.

These special relations we shall immediately explain.
207. Acids and Bases. The properties which we have employed

for the identification of acids disappear when caustic soda (p. 179) is

added to the acid liquids. This is seen most clearly in the case of the

colour change with litmus. Dilute hydrochloric acid is coloured red

by a drop of litmus solution. If a solution of caustic soda is now

gradually added to this, the colour at first remains unchanged, then

blue patches, which disappear on stirring, are seen in the liquid where
the caustic soda drops, and finally, the whole liquid suddenly becomes
blue. By working carefully, it is easy to recognise that the blue colour

is produced by a single drop of the caustic soda solution.

At the same time, all the other properties of the acids disappear. The

liquid no longer tastes acid and does not evolve hydrogen with mag-
nesium powder. Similar experiments can be performed!,with all the

other acids.

A chemical reaction must therefore have taken place by the inter-

action of hydrochloric acid and caustic soda, the product of which is

obtained by evaporating the liquid. A residue is obtained which, in

all its properties, proves to be common salt.

Now, we know that common salt consists of chlorine and sodium

(p. 200). If caustic soda and hydrochloric acid yield common salt, the

other substances contained in them must have been converted into

something else. These other substances are hydrogen from the hydro-
chloric acid, and oxygen plus hydrogen or hydroxyl from the caustic
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soda. That makes up, however, the composition of water, and water
is, in fact, the second product formed by the action of hydrochloric
acid on caustic soda.

The relations are seen more clearly when the reaction is expressed
in formulae :-

The formation of water can likewise be proved by experiment. If dry
hydrogen chloride gas is passed over some pieces of caustic soda, water

vapour is formed with great evolution of heat and can be condensed
;

after sufficiently long action, common salt remains as the residue.

There are many other substances which, like caustic soda, neutralise

the properties of acids, giving rise to new substances accompanied by
the formation of water. So far as they are soluble in water, they can
be easily identified by the fact that they restore the blue colour to

litmus, which has been made red by acids, and withdraw from the

acids the property of evolving hydrogen with magnesium or other

metals. They are the same substances as we previously (p. 180) got
to know as being compounds of metals with hydroxyl, and which we
called bases.

The name base (foundation) is due to the fact that these substances

represent the non-volatile constituent of salts, whereas most of the

acids can be more or less easily expelled by heating. That portion
which is more stable to heat was formerly regarded as the more im-

portant, and was called the foundation or base.

208. Combining Proportions between Acids and Bases.
The process which takes place between bases and acids, and which gives
rise to the formation of a salt along with water, presupposes a perfectly
definite ratio between the amounts of each. If we add a base to an

acid, as much of the hydrogen will disappear as is necessary for the

formation of water with the hydroxyl, viz. 1-01 gm. hydrogen to 17-01

gm. hydroxyl. So long as hydrogen is in excess, the liquid will exhibit

an acid reaction, for this is not interfered with by the presence of the

other substances. By continued addition of the base, a point will at

last be reached when all the hydrogen has disappeared, and there is no

excess of the base. Such a liquid will therefore exhibit the reactions

neither of acids nor of bases
;

it will, for example, colour litmus neither

blue nor red, but will leave its purple colour unchanged. Such a liquid
is called neutral. This property is possessed by water and by the

solutions of most of the salts. For example, common salt forms neutral

solutions.

Use can be made of these phenomena for many purposes. If it

is a question of forming salts from acids and bases, litmus is used, best

applied on paper, to determine if the components have been employed
in the proper proportions : so long as blue litmus paper is coloured

red, there is too little base
;

if red litmus paper is coloured blue, there

is too little acid.
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Litmus paper can also be used to show whether a salt is free from
contamination with acid or base.

209. Reciprocal Estimation of Acids and Bases. The
most important application of these phenomena, however, is to the

determination of the quantity or the concentration of acids and bases.

If the same solution of caustic soda be always used, the amount of it

required to neutralise different solutions of an acid will be proportional
to the quantities of the acid.

The method of determination based on this is carried out as follows.

The solution of caustic soda is contained in a tube of 1 to 2 cm. diameter,

graduated by means of etched

lines into cubic centimetres and
fractions of these, and closed at

the lower end by a tap. For
most purposes a piece of rubber

tubing can be used, which is

pressed together by a brass

pinch-cock ; further, for the

sake of the better regulation
of the outflow, a narrow

glass
tube, drawn out to a poizit, is

inserted in the lower end. This

apparatus is called a burette

(Fig. 74).

To determine the amount of

acid in any given sample, e.g. of

dilute hydrochloric acid, a drop
of litmus solution is added

;

the burette is filled to the zero

mark of the graduation with

caustic soda solution, care being
taken that no air bubbles are

present in the tap and the out-

flow jet. The caustic soda is then allowed to flow into the acid until the

red colour of this suddenly changes jbo blue. The approach of this

point can be seen, since, shortly before it is reached, blue patches,
which disappear on stirring, are formed where the caustic soda flows

into the acid. The caustic soda is then added drop by drop, and the

amount by which the blue coloration is produced can be obtained to

within one drop. The amount of soda solution used can be read on
the graduation of the burette, and from that the amount of acid can
be calculated.

For this purpose the strength of the caustic soda solution must be
known. As a rule, it is prepared so as to contain one combining weight,

equal to 40-01 gm. of caustic soda, in one litre of solution. Such a

solution is called normal. Exactly a litre of this solution is required to

FIG. 74.
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neutralise as mucfy acid as contains 1-01 gm. hydrogen ; for example,
36-46 gm. hydrogen chloride. If n c.c. of the soda solution have been

used, there must have been -
gm. or n x 0-03646 gm. hydrogenlouu

chloride present.
As a rule, it is not a matter of determining the absolute amount of

acid, but the concentration of given solutions. To ascertain this, the

acid contained in a definite amount of the solution has to be

determined. This amount can be weighed out, but it is more
convenient to measure it volumetrically. For this purpose,

apparatus called pipettes are used (Fig. 75). They consist of

narrow glass tubes, widened in the middle, and are made of such

a size as to contain, up to a mark on the stem, a round number
of cubic centimetres. To fill them, the liquid is sucked up past
the mark

; they are then closed by the forefinger, and the

liquid is allowed to run out exactly to the mark. Their contents

are then emptied into the vessel in which the determination is to

be made.

By the operation of neutralisation from a burette, or
"
titra-

tion," the amount of acid in the measured volume is ascertained,

and from that it is easy to calculate the amount contained in

unit volume, that is, the concentration. If, for example, we have

measured off s c.c. of acid with the pipette and have used n c.c.

of normal soda solution, the concentration is equal to n/s com-

bining weights in a litre, or w/lOOOs in a cubic centimetre. If M is

the combining weight, Mw/lOOOs is the amount of the substance in

grams in a cubic centimetre.

210. Volumetric Analysis. This method of chemical measure-

ment by means of liquids of known content is called volumetric analysis,

and the operation, titration. The method is not limited to

the reciprocal determination of acids and bases
; on the

contrary, there are a number of other reactions which

take place in aqueous solution accompanied by change
of colour or other well-marked phenomena. On all such

reactions methods of volumetric analysis can be based.

Solutions which in one litre contain one combining

weight of the active substance in grams are called

normal. 1 If they contain only a tenth of this amount,

they are called deci-normal (w/10), and so on. To

prepare the solutions, the requisite quantities of the sub-

stances are weighed out and introduced into flasks of

the desired capacity. This volume is marked off exactly

by a ring on the neck of the flask (Fig. 76). Such vessels are called

measuring flasks.
1 In Great Britain it is customary to define a normal solution as one which contains

in 1 litre the hydrogen equivalent of the active agent weighed in grams. Tr.

FIG. 75.

FIG. 76.
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Lastly, measuring cylinders (Fig. 77) are used in yolumetric analysis
where comparatively large quantities of liquid have to be measured,
the volume of which is not given in round numbers. They consist of

cylinders set on a foot and furnished with etched graduation marks.

211. Ions. It has already been pointed out several times that the

hydrogen of acids behaves in an essentially different manner from the

hydrogen of other compounds. It always gives the same reactions,

independently of what the other components of the acids may be
;

for

example, it is always displaceable by magnesium and other metals, and
to it the common property of acids, that of reddening litmus, is due.

In the same way, the hydroxyl of bases always shows concordant

properties. It is the cause of the reddened litmus being changed to

blue, and on it depends the formation of new compounds,
salts, with the simultaneous production of water, under the

action of acids. These properties belong only to the hydroxyl
of bases, and are not shown by other hydroxyl compounds
which are known in large numbers.

A similar independence of the chemical properties of the

compounds possessing them is shown in the case of the

salts. The foliowing -example will make this clear.

If a small quantity of a soluble silver salt, e.g. silver nitrate

or lunar caustic (p. 101), is added to a dilute solution of

hydrochloric acid, a white precipitate is immediately pro-^

FiQ

~

77
duced which, on shaking, becomes flocculent and looks like

curdled ^milk, and which has the property of becoming grey
when exposed to light.

If, now, different salts are prepared from hydrochloric acid, either

by decomposing the acid with metals or saturating it with bases, all

these salts have the same property ; they all yield the precipitate with

silver salts, and the metal with which the hydrochloric acid has formed

the salt is without influence on the production and nature of the pre-

cipitate.

Such a behaviour is by no means universal. In water and hydrogen

peroxide we have got to know compounds which contain hydrogen or

hydroxyl and still do not show the properties of acids or bases. Also,

there are numerous chlorine compounds which give no precipitate with

silver salts.

The survey of the chemical relations is therefore greatly facilitated

by collecting into one special class the compounds which show these

common reactions. It is called the class of the salts in the wider sense,

acids and bases being included.

Salts are therefore characterised by the fact that in solution their

components give individual reactions which are in each case independent of
the other component present in the salt

;
and this relation is a reciprocal

one. The second component also shows its own reactions, independent
of the first.
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Thus, hydrochloric acid exhibits, on the one hand, the properties
of its component chlorine by giving with silver solutions the precipitate
described above. On the other hand, it exhibits the properties of its

component hydrogen by evolving hydrogen with magnesium. The
former property it possesses in common with all salt-like compounds
of chlorine

;
the second, with all salt-like compounds of hydrogen, i.e.

with the acids.

These components of the salts which react independently of one

another are called ions. The name has been borrowed from their

electrical properties, which will presently be discussed. In the acids,

therefore, hydrogen is present as hydrion ;
in the salt-like chlorides,

the chlorine is present as chloridion. The reddening of the litmus is

a property belonging to hydrion ;
the precipitation of the silver salts,

one belonging to chloridion.

The ions are therefore distinguished from the ordinary components
of chemical compounds by the fact that they always have the same

properties independently of the other ion along with which they occur.

No less are they distinguished from the free elements or compounds
of the same composition by the fact that they have, in the first place,

other properties than these, and also that they can occur only in pairs.

Thus hydrion of the acids is quite different from the ordinary gaseous

hydrogen ; for, whereas the former exhibits the reactions of acids,

which have been mentioned several times, none of these are shown by
hydrogen gas ;

and whereas hydrogen gas is gaseous and dissolves only

slightly in water, hydrion is known only in solution. Further, hydrion
can be observed only in aqueous solutions of the acids in which the

other components of the acids are simultaneously present which also

have the properties of the ions. Thus, the other ion of hydrochloric
acid must be chloridion, since it contains no other component (p. 202).

This chloridion, again, has properties which are identical, no matter in

what compounds it occurs (p. 216). In this case also chloridion is

quite different from the element chlorine in the ordinary state. It has

neither its colour, nor its smell, nor its bleaching properties ; also, it

exists not as a gas, but only in solution.

We have already got to know one case in which two substances

have the same composition but nevertheless exhibit quite different

properties, namely, oxygen and ozone. This phenomenon was called

allotropy (p. 125). In the same manner, we shall distinguish the gas

hydrogen from hydrion as being two allotropic conditions of the same

element
;

the same holds for chlorine and chloridion. Likewise, there

are complex ions which have the same chemical composition as other

substances which are not ions, but exhibit quite different properties.

An example of this is hydroxyl and hydrogen peroxide. In the case

of compound substances, this phenomenon is called isomerism, instead

of allotropy ; compound ions are therefore isomeric with the non-ions

of the same composition.
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The distinction between the allotropic forms of the same substance,
which was formerly (p. 125) recognised as essential, namely, that the

energy content of each is different, obtains also for the ions and the
non-ions of like composition. Between chlorine in the gaseous and the
ionic state, there exists a considerable difference of energy in such a
sense that the gas contains much more energy than the ion. In the case
of hydrogen, the difference is only a small one. Conversely, there are
cases where the ion contains more energy than the other form.

212. Salts are Electrolytes. The chemical relations of the salts

having led us to see in them a special class of compound substances

distinguished by the independent behaviour of their components, the

question arises whether there are other properties common to the salts

connected with these special relations. The answer is in the affirma-

tive
; the salts exhibit many other common properties which we shall

subsequently get to know individually. One of these properties is,

however, so important and offers such far-reaching explanations that
we shall discuss it just now. It is the behaviour of the salts towards the

electric current.

As is known, substances behave differently towards the electric

current
; some are conductors of it, others are non-conductors. Metals

are conductors
;

in sulphur we got to know a non-conductor (p. 92).
The conductors, again, are divided into two classes. To the first

belong the metals. Such conductors experience, on the passage of the

current, no other change than that they become warmer.

Conductors of the second class are chiefly aqueous solutions of certain

substances. Simultaneously with the conduction of the current, they
undergo a chemical change, their components being chemically separated
and eliminated at the points of connection with the metallic conductor,
or the

"
electrodes."

This phenomenon of decomposition by the electric current is called

electrolysis, and the substances which show it, the conductors of the
second class, are called electrolytes. The metallic ends of the circuit in

contact with electrolytes are called electrodes. We have several times

previously made use of the phenomena of electrolysis for the purpose
of separating and identifying the components of an electrolyte in a

simple manner (pp. 167 and 203).
The exhaustive investigation of the substances which possess the

property of electrolytes has shown that they are ionic compounds or

salts, and only these. Salts are electrolytes, i.e. the property of con-

ducting the electric current, with decomposition, is inseparable .from
the presence of independently reacting components or ions.

Thus water, for example, is not an electrolyte.
1 We can convince

1
Speaking strictly, water is certainly an electrolyte, but it possesses this property to an

exceedingly small degree. A cube of water with a section of 1 sq. cm. conducts worse than
a column of mercury a million kilometres in length, having a section of 1 sq. cm. At a
later stage we shall discuss the properties of water which depend on this small conductivity ;

we leave them out of account here, in order not to complicate the description.
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ourselves of this fact by means of the decomposition apparatus shown
in Fig. 78. This consists of a beaker filled with the liquid to be investi-

gated, to which the current from an electric cell (an accumulator) is

led by two electrodes of platinum. This metal is chosen because it is

not attacked by the substances which separate out at the electrodes ;

most of the other metals are not so resistant. To recognise the passage
of the current any current indicator, e.g. an electric bell, can be used.

A measurement of the current can at the same time be effected by using
as indicator a current meter or ampere-meter, which must indicate

hundredths of an ampere.
If the vessel is filled with pure water and the circuit closed, the

instrument shows no deflection. On adding a little hydrochloric acid>
caustic soda, or common salt to the liquid, a current forthwith passes,
the measuring instrument shows a deflection, and gas is evolved at the

electrodes.

FIG. 78.

213. Anions and Cations. The more exact investigation of the

processes which take place in electrolytes under the influence of the

current, has yielded the following results.

The hydrogen of the acids always separates at the so-called negative

electrode, i.e. the electrode at which the positive current leaves the

electrolyte to pass into the metallic conductor. At the same electrode,

the metals of the salts appear. This is readily seen if a silver or copper
salt be decomposed in the apparatus described

;
the former metal forms

long, needle-shaped crystals, the latter covers the electrode with a red

coating which exhibits the colour of pure copper.
The ions which wander to the negative electrode and separate out

there are called cations?- and the electrode is called the cathode. Hydro-
gen is the cation of acids

;
the metals are the cations of the salts and

bases.

At the second electrode chlorine appears in the decomposition o

hydrochloric acid and of the salt-like metallic chlorides, and can be
identified by its colour and its reactions. The ions which move in

1 The name is intended to express that these ions wander downwards in the direction

of the electric current.
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the opposite direction to the cations are called anions. Chlorine is

therefore the anion of hydrochloric acid and of the metallic chlorides.

The electrode at which the anions separate is called the anode.

For the sake of shortness we have, for the present, designated
that which separates at the electrodes by the name of the ions. It

must not, however, be forgotten that the ions preserve their ionic

nature only in the solutions. At the electrodes the electric current

passes on through the metallic conductors, while the ions are eliminated

at these points. In this process the ions are converted at the electrodes

into the allotropic or isomeric forms (p. 217), and this goes hand in hand
with a change in their electrical relations, which we shall first of all

consider.

214. The First Law of Faraday. By a series of careful measure-

ments, Faraday, in 1833, established the law that the amounts of the

substances which separate at the electrodes are strictly proportional
to the quantity of the electric current which was passed through the

electrolyte. From this the idea arises that the passage of the electricity

through the electrolyte is united with the simultaneous movement of

the ions, so that no current at all can pass if it is not carried by the ions.

In accordance with the relation which we have just stated to exist

between the direction of the current and the chemical nature of the

substances which separate out, the cations (hydrogen and metals in the

ionic state) are to be regarded as the carriers of quantities of positive

electricity, whereas chlorine, as ion, transports negative electricity. At
the electrodes, the current leaves the ions, being propagated in the

metallic conductor without the simultaneous transport of substance.

We can thereforemake the distinction between ions, and the elements

or compounds produced from them, clear to ourselves by regarding the

ions as electrically charged substances, whereas the substances in the

ordinary state are non-electrical. This view is a good representation of

the actual relations, and it may be employed without entering more

fully into the way in which the electrical charge on the ions is united

with the substances. This new conception is in harmony with the

criterion mentioned above (p. 218), that the ions differ from the non-ions

of like composition in their energy content, for an electrically charged

body has necessarily, in consequence of its charge, a different content

of energy from an uncharged one.

215. Electrical Units. To enable the connection between the

chemical and electrical phenomena to be clearly expressed, some of the

fundamental laws of electricity must be recalled here.

By various means, such as galvanic cells, dynamos, thermopiles, etc.,

a process can be brought about in conductors of electricity which is

called an electric current. By it all kinds of work, both mechanical

effects as well as chemical decompositions, can be performed at any
point of the conductor, and heat or other forms of energy produced.
The electric current, therefore, represents a special form of energy.
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The current can be measured by applying the law of Faraday
which has just been enunciated, according to which the amount of

electricity passing through an electrolyte is proportional to the amount

of substance which is at the same time decomposed. If, therefore, an

electrolytic cell be introduced in the circuit, the quantity of gas evolved,
for example, is a measure of the amount of electricity which has passed

through. By strength of current there is understood the quantity of

electricity which has passed, divided by the time required ; or, the

amount which passes in unit time. The strength of the current can

therefore be measured by the amount of gas evolved in unit time.

The unit of quantity of electricity is called the coulomb
;

it has

been determined in a manner which cannot be explained here. To
reduce the coulomb to a measure with which we are familiar, we make
use of the fact that for the evolution of 1-01 gm. of hydrogen, 96,540
coulombs must pass through the electrolyte.

A current which in each second conveys one coulomb through the

conductor is called an ampere. In order, therefore, that a current of

one ampere shall liberate 1-01 gm. of hydrogen, it must flow for 96,540

seconds, or 26 hours and 49 minutes, through the electrolyte.

A current is not determined by the number of amperes alone, for

currents of the same number of amperes can produce very different

effects, according to the nature of the conductor. The relations here

are the same as in the case of a stream of water which can, with the

same amount of water, perform various amounts of work, according to

the pressure or the height of fall. The magnitude of the electric current

corresponding to the pressure is called potential, and its unit is called

the volt. For the present, however, we do not have to occupy ourselves

with this quantity..

Very weak currents are measured in milliamperes or thousandths

of an ampere.

Apparatus are made which depend on the magnetic action of the

current, and on which the strength of the current can be read directly
in amperes. For chemical purposes an instrument on which milli-

amperes can be read off is the most suitable. For the measurement
of stronger currents auxiliary apparatus (shunts) are given along with

such instruments, which reduce the sensitiveness to a definite fraction,

generally a tenth or a hundredth.

216. The Second Law of Faraday. From the law that the ions

of the electrolytes are united with definite amounts of electricity,

some important conclusions can be drawn which allow of a considerable

extension of the electrochemical relations.

Hydrochloric acid solution is an electrically neutral body. If,

then, the hydrion in it has a positive charge of the above large amount,
there must also be negative electricity of exactly the same amount

present. This is united with the chlorine, which thereby passes into

chloridion. According to the law of combining weights, there are
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35-4:6 gm. of chlorine to 1-01 gm. of hydrogen ; consequently, one gram-
ion or 35-46 gm. of chloridion is united with 96,540 coulombs of negative

electricity.

Similarly, the solutions of all salts are electrically neutral. If

we consider, for example, such amounts of the different chlorides as

contain 35-46 gm. of chlorine, the amounts of the metals present along
with it must also be united with 96,540 coulombs of positive electricity,

independent of their nature. These amounts are equal to the combining
weights of the respective metals, which are each united with one com-

bining weight of chlorine
; consequently we can state the universal

conclusion :

The amounts of the different ions united with the same quantities of

electricity are in the proportion of the combining weights of these ions.

In this form the theorem holds, certainly, only when the combining

weights are so chosen that they correspond to 1-01 gm. of hydrogen or to

35-46 gm. of chlorine. There are, however, metals which combine with

two, three, or more combining weights of chlorine
;

in their case the

amount of electricity is a corresponding multiple, and they are called

multivalent
; likewise, there are multivalent anions. We shall discuss

these relations at a later stage.
The theorem just enunciated was also discovered by Faraday, and

is also called the law of Faraday. This law, therefore, contains two
laws which, indeed, are connected with one another but have respect
to different things. Recapitulating all that has been said, we may
express it in the following form :

In electrolytes, the electricity moves only with the simultaneous move-

ment of their components, the ions. The quantity of electricity transported
is proportional to the quantities of the ions and amounts to 96,540 coulombs,
or a multiple of this, for every gram-ion of any substance.

The law of Faraday has a certain similarity to that of Gay-Lussac
with respect to the volumes of gases in chemical combinations. Just

as the amounts of gases present in equal volumes are proportional
to the combining weights or to multiples of these, the amounts of the

ions united with equal quantities of electricity are also proportional to

the combining weights or to fractions of these.

217. Primary and Secondary Products of Electrolysis.
If very dilute hydrochloric acid is subjected to electrolysis, hydrogen
is obtained, as before, at the cathode

;
no chlorine, however, appears

at the anode, but, in its stead, an equivalent amount of oxygen is

evolved.

This is due to the fact that the water is decomposed by chlorine with

formation of hydrogen chloride and oxygen, according to the equation
2H2 + 2C12

= 4HC1 + 02 (p. 197). This process, it is true, takes place
with measurable velocity, only in light ;

we may, however, assume

here, as in similar cases, that the process takes place without light,

only very slowly. It can, in fact, be accelerated by platinum and
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similar catalysts, even in the dark, to such an extent as to become
measurable. The occurrence of oxygen in the electrolysis of dilute

hydrochloric acid is therefore generally interpreted in such a way
that it is assumed that chlorine is first formed, and that this then acts

on the water, undergoing double decomposition with this to form

oxygen and hydrochloric acid
;

the oxygen is accordingly called a

secondary product of electrolysis.

Doubt, however, arises as to this view, because of the fact that it

assumes hydrochloric acid to be decomposed by the current and to be

formed again under the same conditions with the co-operation of the

water present. We shall not discuss here the correct but rather com-

plicated explanation, but shall formally retain the view just given,
which has, in the first instance, no disadvantage and simplifies the

discussion.

Such secondary products are often formed when the ions, after

they are discharged, do not constitute substances which are stable

under the existing circumstances.

Thus, copper and silver, as has been mentioned, are eliminated as

metals from their salts
; they are therefore primary products. If,

however, sodium chloride is electrolysed, there is obtained (when con-

centrated solutions are used), on the one side, chlorine, but at the

cathode there is obtained not sodium but hydrogen. This arises from

the fact that sodium, which would be eliminated as
"
primary

"
product,

cannot exist in contact with the aqueous solution, but must immediately

pass into caustic soda with evolution of hydrogen (p. 179). One may,
therefore, again assume that sodium is indeed eliminated, but that at

the moment of its passing from the ionic into the metallic state it reacts

with the water with formation of the secondary products. As a matter

of fact, caustic soda is found at the cathode, for on adding red litmus

solution to the liquid, it immediately becomes blue.

If a solution of caustic soda or sodium hydroxide be subjected to

electrolysis, hydrogen, for the reasons just given, makes its appearance
at the cathode. At the anode hydroxidion, OH', is discharged. This

does not exist alone, but the doubled compound, 2H2 or hydrogen

peroxide, is known. This substance, however, on account of its in-

stability, is also not produced, or at least is so only in traces
;
on the

contrary, the reaction 40H = 2H2 + 2 occurs, and free oxygen is

evolved. This oxygen, therefore, is also to be regarded as a secondary

product.

Faraday's law is necessarily fulfilled whether the products of the

electrolysis are primary or secondary. For in the second case, the

amounts of the secondary substances are always connected with those

of the primary, by simple chemical equations, and the former must,

therefore, necessarily be produced in amounts which are proportional

chemically equivalent to the primary.

By slight changes in the conditions of the experiment, one may
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sometimes obtain the primary or the secondary products at will. For

example, if in the electrolysis of sodium hydroxide or sodium chloride

the platinum cathode be replaced by one of mercury (Fig. 79), no

hydrogen is evolved but the sodium dissolves in the mercury. If,

afterwards, the mercury containing the sodium be placed in pure water,
the transformation 2Na + 2H2

= 2NaOH +H2 slowly takes place ;

hydrogen is evolved and the liquid
reacts alkaline.

218. Dissociation of Electro-

lytes. An important fact which sheds
a further light on the difference between

electrolytes and non-electrolytes is the

following. It has previously been ex-

plained that the molar weight of sub-

stances soluble in water can be deter-

mined by the change which they produce
in the freezing point of water, one mole
of any substance dissolved in a litre

of water causing a depression of 1-86.
If the quantity of hydrochloric acid

which causes such a depression be de-

termined, it is found that about 19 gm.
are sufficient. Now, the smallest molar weight which can be assumed
for hydrogen chloride is 3647, the sum of the combining weights of

chlorine and hydrogen ;
this molar weight, also, is obtained from the

gaseous density of hydrogen chloride (p. 207). New relations, therefore,

are met with here, which require a special interpretation.
This is obtained when we take into account the facts which have

just been set forth concerning the independent behaviour of the ions.

In the case of the other hydrogen compounds, as, for example, petroleum,

spirit of wine, water, sugar, etc., no common property can be shown
which could be attributed to the presence of hydrogen. The fact that

they contain hydrogen appears only when the substances are destroyed
and water has been formed from them by combustion. The behaviour

of the substances containing hydrion is quite different
; these are

characterised just by the fact that they always exhibit the same pro-

perties, which are due to the hydrion. In these substances, therefore,

the ionic hydrogen leads an independent existence, and can be recognised
as exhibiting the properties of this.

We shall, accordingly, conclude that the solution of hydrochloric
acid really contains two different substances, hydrion and chloridion^

whereas the gaseous hydrogen chloride certainly contains only the com-

pound and not the components. A solution of 36-47 gm. of hydrogen
chloride contains, therefore, not one mole of the compound, but two

moles, one of each of the two kinds of ions. For that reason it causes

twice as great a depression of the freezing point. This observation,
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also, forces us to the conclusion that the ions are to be regarded as

independent substances.

From the point of view, also, of the atomic hypothesis a quite

appropriate picture of these relations can be drawn. The investigations
of the conductivity of electrolytes have shown that the movement of

the electricity within these liquids takes place exactly as in metallic

conductors that it takes place, more especially, without expenditure
of work so long as the substances are not eliminated at the electrodes

and transformed. In other words, the electricity moves free in the

electrolytes. Since, on the other hand, the electricity moves only

simultaneously with the ions (cf. p. 222), there only remains the con-

clusion that the carriers of the electrical charges in the electrolytes,
the ions, are also free.

An important conclusion can be immediately drawn from these

general considerations. The deviations from the law of the depression
of the freezing point and the electrical conductivities must run parallel
to one another

;
where the one occurs, the other must also be present,

and the two must be dependent in a regular manner on each other.

Experiment has shown that these conclusions are completely justified.
The discovery of this important relation is due to the Swedish
scientist Arrhenius (1887).

The phenomenon that certain substances (which shall henceforth
be designated collectively as salts) break up, in aqueous solution, into

independent portions, the ions, is denoted by the name electrolytic
dissociation. The name is formed in conformity with the term dissocia-

tion, which has long been in use to denote the partial decomposition
of substances into simpler components. The epithet

"
electrolytic

"

refers to the phenomenon of electrical conductivity, which always
accompanies this and which is present in all cases in which the forma-
tion of ions occurs.

219. Electrolytic Solutions. The properties of electrolytes just
described can be observed only in solutions, and the question arises,

whether the condition of solution has anything to do with the electrolytic
dissociation. The answer is that such is the case to a very large extent.

At the ordinary temperature, the property of electrolytic conductivity
is exhibited, in any great degree, only by dissolved salts ; pure substances

are either non-conductors or exceedingly poor conductors. This holds

for all three physical states, and more especially for liquids. At a

comparatively high temperature, pure substances, e.g. the ordinary
salts in the fused state, also begin to conduct.

Further, the property of electrolytic conduction belongs chiefly to

aqueous solutions. Solutions in other liquids sometimes also exhibit

electrolytic conduction, but this is, in general, much less than in aqueous
solution, so that, in this respect, water occupies an exceptional position.

These relations are exhibited very clearly in the case of hydrogen
chloride. Hydrogen chloride can be obtained in the pure state as a

Q
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liquid (p. 211), which, however, does not possess electrical conductivity
and exhibits no acid properties so long as no water is added to it.

Metals do not evolve hydrogen from it, and in its behaviour it is rather

indifferent. It is only when the hydrogen chloride is dissolved in water

that the typical properties of the acids make their appearance ;
these

properties are dependent on the formation of hydrion, which occurs only
in aqueous solution.

Since most of the chemical reactions, more especially the analytical

ones, which serve for the identification of different substances, are

carried out in aqueous solution, a knowledge of the ionic condition of

the salts is a matter of great importance. In the case of all compounds,
therefore, we shall in future state whether they form ions, and which

these are.

The names of the substances in the ionised condition are formed

by adding the word "
ion

"
to the name of the substance. A convenient

nomenclature may also be based on the following rules.
1 The names of

the cations are obtained by adding the termination -ion to the stem

of the names of the corresponding metals, the Latin names for the latter,

where such exist, being employed. Hydrogen in the ionised condition,

however, is called hydrion. Where a substance forms several ions

differing from one another in valency, the names of such ions are dis-

tinguished by prefixing a Greek numeral indicating the valency. In

the case of the anions, the names are formed from those of the salts as

follows. If the name of the salt ends in -ate, the name of the corre-

sponding anion is obtained by replacing the termination -ate by -anion
;

except the anion of the carbonates, which is called carbanion. The

names of the anions of salts ending in -ite are formed by replacing -ite

by -osion, and of salts ending in -ide by converting this termination into

idion. The ion OH' is called hydroxidion.

Further, we shall sometimes find it necessary to distinguish the

substances in the condition of ions from the others. For this purpose,
the cations will be designated by a point, the anions by a dash. H'

represents, therefore, hydrion ; CF, chloridion. On account of the

necessity that chemically equivalent amounts of cations and anions must be

present in solutions (p. 222), every complete chemical equation must, when

ions occur in it, contain equivalent amounts of cations and anions on the

same side of the sign of equality.

Thus, for example, the process of the formation of sodium chloride

from hydrochloric acid and caustic soda will have to be represented

by the following equation, if it is desired to represent the processes by
the ions :

H'Cl' + Na'OH' = Na'Cl' +H20.

This equation shows.that the ions chloridion and sodion remain

unchanged in the process, as their reactions, indeed, also persist in the

1 This nomenclature is due to Professor J. Walker. Tr.
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solution of common salt produced. For this gives, on the one hand,
the precipitate with silver salts which is characteristic of chloridion, and,
on the other hand, when electrolysed with a mercury cathode, it yields
Si solution of sodium in mercury, just as caustic soda also does (p. 224).

The ions hydroxidion and hydrion, however, are used up, because

they have combined to form undissociated water (p. 218). For this

reason the reactions both of hydrion and of hydroxidion have dis-

appeared, for the liquid no longer reacts acid, nor can the basic pro-

perties of caustic soda be any longer detected.

220. Thermochemical Relations of Hydrogen Chloride.

Since chlorine burns in hydrogen, the heat developed in the combustion

can be directly measured
;

the following equation is thus obtained :

This number applies to the formation of gaseous hydrogen chloride.

If this is dissolved in water, a further very considerable quantity of

heat is evolved. It is necessary here to distinguish the dissolved

hydrogen chloride from the gaseous, since these two forms possess,

in conformity with the difference of their properties, very different

energy.
Where we are dealing with aqueous solutions, it has become custom-

ary to denote the state of solution by the addition of aq. (aqua). The

development of heat on dissolving hydrogen chloride, varies, it is true,

according as the solution produced is more or less concentrated
;
as is

clearly seen from the fact that on diluting a concentrated solution of

hydrochloric acid, a fairly large quantity of heat is evolved. If,

however, the dilution is carried further, this heat becomes less and less,

and a final state is ultimately reached when a measurable quantity
of heat is no longer evolved. It is to this state that the symbol aq.

refers.

If hydrogen chloride is dissolved in a large quantity of water, 72 kj

are developed, and we have the equation

HCl + aq.=HClaq.+72&/.

On adding this equation (multiplied by 2) to the preceding one,

there follows

H2 + C12 + aq.
= 2HC1 aq. + 2 x 164 kj,

which gives the heat of formation of the dissolved hydrochloric acid

from its elements.

221. Thermochemistry of the Salts. If a strong acid, e.g.

hydrochloric acid, is neutralised with a strong base, e.g. caustic soda,

a quantity of heat equal to 57 kj is developed. The quantity of heat

is found to be identical, no matter what acid or base is used, it being
assumed that both are

"
strong," and that both are in the condition of

dilute aqueous solution.
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The reason for this regularity becomes at once apparent if we recall

the fact that the formation of a salt from its acid and base in dilute

aqueous solution, consists in the hydrion and the hydroxidion combining
to form water, while the two other ions remain unchanged side by side

(p. 227). The heat development of 57 kj is nothing else than the heat of

formation of water from hydrion and hydroxidion. Since in the formation

of any and all salts from strong (i.e. nearly completely dissociated) acids

and bases the same process of the formation of water always takes place,
the corresponding heat development must also have the same value.

At the same time it follows that deviations are, in general, to be

expected, if any of the suppositions made are not fulfilled, i.e. if acid,

base, or salt is slightly dissociated. To the heat of formation of water,

57 kj, there must then be added the quantity of heat which is evolved

or absorbed in the decomposition of the acid or base into its ions or in

the formation of the undissociated portion of the salt, and the observed

heat of neutralisation is the sum of the corresponding magnitudes.
We shall have an opportunity later of mentioning such cases.

Further, it was mentioned on p. 218 that the elementary ions have

different quantities of energy from the free elements. It may be asked

if it is possible to measure this difference.

A method, which cannot be described here, has, indeed, been found

for this purpose ;
but since no other method of attaining the same

object could be found, it has hitherto not been possible to test the result.

The method leads to the conclusion that the transformation of hydrogen

gas into dissolved hydrion involves no appreciable change of energy.
We have, therefore, the following thermochemical equation :

H2 + aq.
= 2H'aq. + kj.

If this basis be assumed, the heats of formation of all other ions

can be determined.

For example, it was found (p. 227) that a dilute aqueous solution

of hydrochloric acid is produced from its elements and water with

a heat development equal to 164 kj. Since this solution contains

chlorine and hydrogen in the form of ions, we should, taking this into

account, write the equation :

C12 +H2 + aq.
= 2C1'H aq. + 2 x 164 kj

=
2Cl'aq. + 2Haq. + 2 x 164 kj.

Subtracting from this the equation H2 + aq.
=
2H'aq., there follows

C12 + aq.
= 2Craq. + 2 x 164 kj.

In other words, the heat of formation of dilute hydrochloric acid is

equal to the heat of formation of chloridion, since the heat of formation

of hydrion is nought.
This conclusion can be at once generalised. Since, as regards the
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hydrion, the same relations are found in the case of all acids so far as

they are electrolytically dissociated, the rule obtains for all acids that

the heat of formation of their dilute aqueous solutions is equal to the

heat of formation of their anion.

When sodium is dissolved in hydrochloric acid, the hydrogen of

the acid escapes and sodium chloride is produced. The development
of heat which thereby occurs is very considerable. This has been

determined, indirectly, and been found equal to 239
Jcj. This corre-

sponds, therefore, to the equation

2Na + 2H'Cl'aq. =H2 + 2Na'Cl'aq. + 2 x 239 kj.

If we again subtract the equation H2 + aq.
= 2H'aq. from this and omit,

on each side, the common member 2Cl'aq., we obtain

Na + aq.
= Na'aq. + 239 kj.

That is to say, the conversion of metallic sodium into sodion is

accompanied by a development of heat of 239 kj. This is the same

amount of heat as was developed in the action of sodium on hydro-
chloric acid, for the simultaneous conversion of hydrion into gaseous

hydrogen gives no heat effect.

This theorem, also, can be extended generally. It holds for every
other dissociated acid and every other metal. We can, therefore,

enunciate the general law :
-

// a metal acts on an acid with the formation of a salt and generation

of hydrogen, the amount of heat which is developed depends only on the

nature of the metal, and is independent of the acid. This heat is equal to

the heat of transformation of the metal into its cation.

The first part of this law is an experimental fact, and was known

long before it was deduced on the basis of the theory of electrolytic

dissociation.

Should any of the substances with which we are dealing be undis-

sociated or only slightly dissociated, deviations from the simple law

occur
;

the cause of these is the same as in the case of the deviations

from the constant heat of neutralisation, discussed on p. 227.

The transformation, therefore, both of chlorine and of sodium, from

the ordinary to the ionic condition, is accompanied by a very consider-

able development of heat. Although the difference of the total energy
of the two conditions, of which the heat development is an expression,

is not a direct measure of the tendency of the elements to pass into

the ionic condition, still the one moves to some extent parallel to the

other, and from the large values of the heat development we can infer

a large value for the tendency to transformation. In fact, it has been

repeatedly mentioned that both elements possess a very considerable

chemical reactivity. On examining the nature of these reactions of

chlorine and sodium more closely, it is found that in the majority of
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the cases salts are formed, that is to say, we have before us a mani-

festation of the tendency of chlorine and sodium to exchange the

ordinary for the ionic condition. 1

1 Even in the solid salts, -which are not electrolytically dissociated, the components
are much nearer to the condition of the ions than to that of the free elements. This is

seen from the fact that the passage of the solid salts into the ionic condition, on being
dissolved in water gives rise, in general, to only inconsiderable heat effects, in most

cases, indeed, to absorption of heat.



CHAPTER XIII

OXYGEN COMPOUNDS OF CHLORINE

222. Oxygen Compounds of Chlorine. Whereas hydrogen can
combine with chlorine only in one proportion, this latter element
forms several compounds with oxygen. There is a still larger number
of substances which contain hydrogen along with chlorine and oxygen.

All these compounds" are distinguished from hydrogen chloride by
a circumstance of essential importance. They bear the same relation

to it as hydrogen peroxide does to water
; hydrogen chloride is formed

from its elements with loss of energy, and cannot, therefore, decompose
spontaneously into them, but, for the production of the oxygen com-

pounds of chlorine, energy must be communicated. Accordingly,
these compounds exhibit the property of decomposing spontaneously,
i.e. without the communication of energy, and this instability is so

marked in the case of some of them that they decompose with explosion.
The reason for this is in entire accordance with the relations set forth

in the case of hydrogen peroxide (p. 187).

The way in which the energy necessary for the formation of such

compounds must be communicated, may vary in different cases. The
most frequent and, for general reasons, the most important way for us,

is the chemical. If the possible processes are conducted in such a way
that along with the desired substance, other substances are produced
whose formation is accompanied by the liberation of large quantities

of energy, this energy can be used for the purpose of producing the

comparatively unstable compound. For the successful communication

of this energy, however, it is not sufficient that any reaction whatever,
which will yield energy, be allowed to take place along with the desired

one
;
such a reaction would act merely as a corresponding elevation of

the temperature, and it would have no effect, or only a harmful one.

On the contrary, it is an essential condition that the two reactions be de-

pendent on each other, or be
"
coupled

"
with each other, so that the one

cannot take place without the other. It can be seen from the chemical

equation whether this condition is satisfied. If this can be separated
into two equations which are independent of each other, the chemical

231
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processes are not
"
coupled

"
;

if such a separation cannot be made,
the above condition is satisfied.

Thus, for example, it might be expected that the large develop-
ment of energy which accompanies the formation of water from its

elements, could cause the simultaneous formation of hydrogen peroxide
from oxygen and hydrogen, the energy necessary for this latter reaction

being yielded by the former by some such reaction as is expressed by
the equation

This expectation is not confirmed by experience, a fact which is in

harmony with the rule just given, for the equation can be resolved into

the two equations

2H2 + 2
= 2H2 and H2 + 2

=H2 2 .

The two processes are, therefore, not coupled or mutually conditioned.

Numerous examples of coupled processes will be given by the

reactions which lead to the formation of the oxygen compounds of

chlorine, and which will be discussed immediately.
223. Hypochlorous Acid. It has been already mentioned (p.

195) that chlorine is absorbed by caustic soda solution. The product
formed cannot consist entirely of sodium chloride, for this is formed
from caustic soda and hydrogen chloride. As a matter of fact, sodium
chloride is indeed formed, accompanied, however, by a new substance.

The solution produced has not the purely saline taste of common
salt, but a caustic one. Like free chlorine, it has a bleaching action

on vegetable colours, e.g. litmus
;

it acts as a powerful disinfectant,

and, on the addition of hydrochloric acid, it evolves chlorine, which can

be identified by its colour and smell. Common salt, however, gives no

detectible reaction with hydrochloric acid.

The above process takes place, according to the equation

2NaOH + C1 2
= NaCl + NaCIO +H20.

There are formed, therefore, sodium chloride and another compound
which contains oxygen.

If this compound, NaCIO, be prepared free from sodium chloride,

it is found that its aqueous solution is an electrolyte, but does not give
the reactions of chloridion for no precipitate is obtained with silver

salts. The crude solution, which contains sodium chloride, of course

gives this precipitate, but only in half the amount that corresponds to

the chlorine present.
From this it follows that this second substance is, indeed, a salt, but

contains no chloridion. The chlorine must, therefore, be present in

some other combination, and the most obvious possibility, and the one

which agrees with actual fact, is that it forms an ion CIO' with the

oxygen, sodion being the other ion of the salt.
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There must therefore be an acid HC10, formed by the combination
of hydrogen with the ion CIO', which on neutralisation with caustic soda

again yields the original salt, according to the equation HC10 +
NaOH = NaC10 +H20. Such an acid can, indeed, be prepared. This

acid has received the name of hypochlorous acid
; its salts are called

hypochlorites and the ion CIO
7

hypochlorosion. The sodium salt already
mentioned is called sodium hypochlorite.

224. Preparation of Acids from their Salts. For this purpose
a general method is used, which can be described in the following words :

To obtain the acid corresponding to a given salt, the salt is decomposed with

another acid.

That such a preparation is possible can be seen if we designate the

desired acid by HA, where A is a simple or complete anion, and its salt

by MA, where M represents some metal ion. Further, if HB is another

acid, the following reaction is possible by the interaction of the two
substances :

=HA + MB.

There would be obtained, therefore, if the reaction took place, the

desired acid and the salt of the acid added. There remains then the

further task of separating the two substances in order to obtain the acid

in a pure state.

Applying this rule at once to the case before us, we should have to

decompose the sodium salt NaCIO with hydrochloric acid. The desired

acid, along with sodium chloride, would be obtained, according to the

reaction

NaCIO + HC1 = NaCl + HC10,

and the two substances would then have to be separated.
It has been found, now, by experience that the reaction represented

by the general scheme always occurs, but is never a complete one. In all

cases only a portion of the substances present undergoes reaction, and
another portion remains unchanged. In other words, in all these cases

chemical equilibria are established (p. 144). For such equilibria it is

necessary that the concentrations of the reacting substances shall be

in a definite relation to one another, depending on the nature of the

substances, on the temperature, and on several other circumstances.

If, now, one of the participating substances is removed, the equili-

brium can no longer exist, but the reaction must take place by means of

which the substance removed is again replaced. If the portion thus

formed is also withdrawn the same process goes on again, and in this

way the reaction can be carried so far that the total possible amount of

the product is ultimately formed.

On this fact is based the preparation of hypochlorous acid by the

reaction described. If dilute hydrochloric acid is added to the sodium

hypochlorite part of the salt is converted into sodium chloride and

hypochlorous acid, while another part remains undecomposed. On
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distilling the mixture the hypochlorous acid, which is the most volatile

of the four substances present, passes over, and the amount of it in the

residue is diminished. For this reason fresh acid must be formed in

the residue
;

if this is also removed by distillation, all the acid which

can be formed from the quantities of the substances present must really

be ultimately formed, and be found in the distillate. And this is. as a

matter of fact, the case.

In carrying out the experiment it is necessary to proceed with care

and to add less hydrochloric acid than corresponds to the equation.

Also, it is necessary to employ dilute acid, and so to add it that there

can nowhere exist an excess of hydrochloric acid. In the present case

this is necessary because of the fact that hydrochloric acid acts on the

hypochlorous acid, as will be presently discussed. In other cases, where

such action is not to be feared, these precautions are unnecessary.
225. Properties of Hypochlorous Acid. The aqueous solution

of hypochlorous acid, obtained in this manner, shows not only the

general properties of acids but also some special properties, which in

many cases mask the former. The solution is colourless but has a

strong smell, similar to that of chlorine. It acts as a powerful bleaching

agent towards organic colouring matter, and its action as a disinfectant

and as a poison for small organisms is almost equal to that of chlorine.

The great similarity shown by the solution of hypochlorous acid to

an aqueous solution of chlorine, is due to the fact that the latter under-

goes a partial transformation into hypochlorous acid and hydrochloric

acid, according to the equation

= HOC1 + HC1.

This reaction, also, does not take place completely, but only

partially and to an extent which is dependent on the concentration

and the temperature. In the reverse manner, hydrochloric acid and

hypochlorous acid act on one another with formation of chlorine and

water. 1 This reaction, however, is also not a complete one, and there-

fore the rule which has just been given, that the reaction can be made
to take place completely in the one or the other direction, by removing
the corresponding reaction products, will hold also for it.

226. Decompositions of the Hypochlorites. The most im-

portant of the special properties of hypochlorous acid depend on the

fact that it loses its oxygen with extreme readiness, thereby passing
into hydrochloric acid. Similarly, the hypochlorites pass into chlorides.

Expressed in equations, we have

2HC10 = 2HC1 + 2 ,

and 2NaC10 = 2NaCl + 2 .

1 This is the reason why the decomposition of sodium hypochlorite with hydrochloric
acid must be carried out carefully so as to avoid having at any time an access of the acid

present at any point. If this care is not observed chlorine is formed, which on distilla-

tion passes over with the hypochlorous acid and renders it impure.
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If, therefore, they are brought together with substances which can

take up oxygen, these will unite with oxygen or be oxidised. For this

reason, the hypochlorites are powerful oxidising agents, and in this

respect are superior to hydrogen peroxide.
This readiness to part with oxygen is seen even in the case of the

hypochlorites from the fact that they evolve gaseous oxygen. Under

ordinary conditions, this process takes place so slowly that it is scarcely
noticeable. Like all slow reactions, however, it can be made to take

place much more quickly by means of accelerating agents, and can then

be readily observed.

In this case, such catalytic agents are, more especially, the salts of

cobalt, a metal belonging to the same class as iron (p. 99). On adding
a small quantity of any cobalt salt to a solution of sodium hypochlorite
obtained by passing chlorine into a solution of caustic soda, a black

precipitate is produced which is an oxide of cobalt rich in oxygen, and

gas is immediately evolved. This can readily be shown to be oxygen
from its causing a glowing splinter to burst into flame.

The formation of the hypochlorite, and its decomposition into

chloride and oxygen, can be united into one process by adding some
cobalt salt to a solution of caustic soda and passing in chlorine. The

hypochlorite is then formed only temporarily, and decomposes forthwith

into chloride and oxygen. The process then appears to take place in

accordance with the equation-

4NaOH + 2C1 2
= 4NaCl + 2 + 2H20.

In accordance with the general law for catalytic processes, we must
in this case also say that the formation of oxygen is a process which

takes place spontaneously, and can only be accelerated by the catalyst.

In the formation of hypochlorite also, by passing chlorine into caustic

soda the above process takes place at the same time, and a slight

evolution of oxygen occurs. It might now be asked why hypochlorite is

formed at all, and why the whole amount of the substances does not

straightway pass into the most stable condition, chloride and oxygen,
as represented in the last equation.

227. Law of Successive Reactions. The answer to this question
is again afforded by a general law, which states that in all reactions the

most stable state is not straightway reached, but the next less stable or that

state which is the least stable of the possible states. Starting from this, the

more stable states are reached one after the other, and the process of

transformation comes to a stop only when a state is finally attained

which cannot further change and is, therefore, the most stable.

To understand this theorem aright it is necessary to have a clear

idea of what the stability of a system depends on. Reference has

already been made at an earlier stage to these relations when treating

of oxidising agents (p. 182), and we shall here treat the question in a

more general manner.
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228. Free Energy. Every process that takes place spontaneously
is characterised by the fact that by its progress work can in some way
be gained. No such process can take place of itself, under the same

conditions, in the reverse manner
;

to bring about this reversal, work
must be again communicated. Thus, water flows of its own accord,

valleywards, and can thereby perform work
;
but to bring it uphill, it

must be carried or pumped up, and for that work is always necessary.
The least stable conditions are, therefore, those which contain the

most work, and the most stable are those in which as much work has

been lost by the system as it will yield. The word " work "
is here

used in its most general meaning ;
it represents, therefore, some form

of energy (p. 38).

From the preceding statement it might be concluded that the most
stable conditions are those with the smallest, and the least stable those

with the largest amounts of energy. This would be the case if all the

energy contained in a system could be transferred without more ado

to another system or could be converted into work. That this cannot

be done will be seen if it be attempted, for example, to utilise the

pressure of the atmosphere to perform work. Although the air, under

the ordinary pressure, could perform a very considerable amount of

work if it were enclosed in a space in which a much lower pressure

prevailed, it cannot be made to perform any work if its surroundings
are under the same pressure.

It is necessary, therefore, to distinguish between the energy which
is transferable to other systems and that which does not possess this

property. The former is called free, the latter latent. The total energy

of a system is, therefore, the sum of its free and its latent energy. All pro-
cesses which take place spontaneously do so only with diminution of

the free energy ; for, after all, we understand by a process nothing but

the transference of energy from one system to another.

Having established these conceptions, we can therefore say that all

chemical processes can take place only in such a way that the free

energy decreases. The least stable form will, therefore, be that with

the greatest free energy ;
the most stable, that with the least.

The total energy need not necessarily run parallel with the free

energy, for it is quite possible that as the free-energy'decreases, the latent

increases all the more, so that the total energy also increases. Such a

system will fall in temperature during the process, since the necessary

energy is drawn almost without exception from the heat contained in

it. To this class belong, therefore, all processes which take place

spontaneously with fall of temperature. Examples of this are not rare.

A volatile liquid evaporates spontaneously, with fall of temperature, into

a space which is free from its vapours ;
salts dissolve spontaneously in

water with fall of temperature, and many chemical processes also take

place spontaneously with fall of temperature. All these cases are

examples of the fact that in spite of the decrease of the free energy
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in processes which take place spontaneously, the total energy can

increase.

The question as to how the free energy is to be measured cannot be

discussed here. It is sufficient to know that the fact that a reaction

takes place spontaneously is a sign that the free energy of the system
is thereby diminished.

If we apply what has here been said to the case we were just con-

sidering, the system chlorine plus caustic soda will be designated as the

form with the greatest free energy. The system produced from this,

sodium chloride plus sodium hypochlorite, has less free energy, and
sodium chloride plus oxygen has the smallest amount of free energy.
The following figure gives a picture of the relations, the values of the

free energy being represented by the perpendicular heights :

4
4NaOH + 2C12

2NaCl + 2NaOCl + 2H
!

8
!

From the appearance of the figure it will be seen why it is that,

starting from the highest step, the lowest is not immediately reached

but that a halt is first made at the middle one. This furnishes an

answer to the question asked above (p. 235).

229. Chlorine Monoxide. Hypochlorous acid is not known in

the pure, i.e. the anhydrous, state. On attempting to prepare it, the

elements of water leave the acid, and a compound of chlorine and

oxygen remains behind. This compound is no longer an acid, since it

contains no hydrogen.
This process takes place in accordance with the equation

The new substance is called chlorine monoxide, since it contains one

combining weight of oxygen. Since it is obtained from hypochlorous

acid by loss of water, it is also called hypochlorous anhydride. This

nomenclature is employed fairly generally ;
various substances which

are formed from other substances by the loss of the elements of water

are called anhydrides of these substances.

This name was introduced on the supposition that in the original

substances not merely the elements of water are contained but also
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"
ready formed

"
water, and this conjecture arose because some sub-

stances gave off water with exceeding readiness and rapidity. But a

deeper knowledge of the facts has shown that there exists a continuous

transition from those which readily give off water to those from which

water can be obtained only by especially powerful reactions. It is,

therefore, more scientific in no case to assume the presence of pre-
formed water, especially as no definite meaning can be attached to such

a supposition.
Chlorine monoxide is obtained most readily by carrying out the

reaction leading to the formation of a salt of hypochlorous acid (p. 232),

with an oxide from which the salt is not formed. For this purpose
oxide of mercury is the best. When a current of dry chlorine is passed
over mercuric oxide,

1 the following reaction takes place :

In this equation Hg is the symbol for mercury ;
its oxide is com-

posed of equal combining weights of mercury and oxygen. The chlorine

compound of mercury, or mercuric chloride, remains behind as a solid

substance, and the chlorine monoxide, which is gaseous at room tem-

perature, escapes and can be collected.

Chlorine monoxide is a yellow-brown gas with a strong, unpleasant
smell, which can be condensed to a liquid at 5. It dissolves in water,

passing slowly into hypochlorous acid. In the gaseous and still more
in the liquid state, it is very unstable and readily decomposes with

explosion, forming oxygen and chlorine. These explosive properties
find an explanation in the fact that heat is liberated by the decom-

position. The gas also decomposes into its elements under the influ-

ence of light, but generally without explosion.
230. Chlorates. The steps in the transformation of chlorine and

caustic soda described on p. 237 are not the only possible ones
;
there

are still two others which lie between the middle and the lowest. The
solution of NaCl + NaOCl, which is obtained by passing chlorine into

a solution of caustic soda, undergoes a change in its properties on being

kept some time. This change takes place most quickly in the heat and
when a slight excess of chlorine is present in the solution. The bleaching

power and smell of the latter gradually disappear, and after some time

it .contains no more hypochlorite, for it evolves no chlorine on being
treated with dilute hydrochloric acid in the cold.

If the solution is now evaporated, two salts are obtained sodium

chloride and another salt which, like sodium hypochlorite, also contains

oxygen. It is shown, however, by analysis, to have a composition
1 In order that the reaction!may take place satisfactorily, the mercuric oxide required

for this experiment must be of a special nature. If too finely divided, the reaction goes
too quickly and an explosion may occur; if it is too coarse, the reaction will be too

slow and the gas will be contaminated with chlorine. A suitable oxide is obtained by
gently heating the oxide prepared by precipitating mercuric chloride with caiistic soda in

aqueous solution.
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which is expressed by the formula NaC103 ,
and is called sodium chlorate.

It is, therefore, the sodium salt of a new anion, chloranion, C103'. This

ion is also not precipitated by silver salts
; almost all the salts which it

forms are readily soluble. The reactions which take place are, therefore,

represented by the equations

2NaOH + C12
= NaCl + NaOCl +H20,

SNaOCl = 2NaCl + NaC103 ,

or, omitting the intermediate stage,

GNaOH + 3C12
= 5NaCl + NaC103 + 3H20.

Since sodium chlorate is a very soluble salt, and can be separated

only with difficulty from the simultaneously formed sodium chloride,

it is better to prepare the corresponding potassium salt by passing
chlorine into a solution of potassium hydroxide. Since potassium in

all its chemical relations exhibits an exceedingly great similarity to

sodium, the reactions which take place are of exactly the same kind as

those described, and need not be again explained. Potassium chlorate,

along with potassium chloride, is obtained as the product of the re-

action
; and since the former salt is much less soluble than the latter in

the cold, it separates out on allowing the solution, obtained by the

action of chlorine on potassium hydroxide, to cool.

The salt thus obtained is already well known
;

it is the salt used

for the preparation of oxygen in the laboratory (p. 106). The potassium
chloride formed at the same time is a salt very similar to sodium

chloride.

From what was previously stated, it is known that potassium
chlorate, on being heated, decomposes into oxygen and potassium
chloride, the same behaviour being likewise shown by sodium chlorate.

The decomposition takes place according to the equation

2KC103
= 2KC1 + 302 ,

where K is the symbol for potassium.
As can be seen, this is the last step in the action of chlorine on

hydroxides, and to the three steps given on p. 237 there must be added

a fourth, between the hypochlorite and the lowest. We shall soon see

that even a fifth step must be inserted.

In conformity with the smaller fall between the chlorate and the

oxygen steps, the last transformation does not proceed so readily and

rapidly as that of chlorine into hypochlorite, and of the latter into

chlorate. At ordinary temperatures the chlorates are practically quite

stable, and only at comparatively high temperatures does the reaction

become so rapid that it can be observed. That the reaction can be

accelerated through the influence of catalytic agents has already been

mentioned (p. 106) ;
besides the substance then mentioned pyrolusite

oxide of iron is a very effective accelerator of the decomposition.
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231. Preparation of Chloric Acid. Chloric acid cannot be very
easily obtained from potassium or sodium chlorate. The aqueous
solution of the salt, it is true, undergoes partial decomposition by other

acids, in accordance with the general rule
;
but as the chloric acid

cannot be distilled, the separation cannot be carried out in the same

way as in the case of hypochlorous acid. Recourse has, therefore, to

be had to another method.

If we consider the equation

MA + HB = MB + HA,

we see that the desired acid can be prepared not only by removing it

from the sphere of the reaction, but also by completely removing the salt

MB. . As a rule, certainly, the salts are not volatile, so that the method
of distillation used for removing the acids cannot be employed. On
the other hand, however, many salts are insoluble, and by their precipita-
tion the reaction is made as complete as by the removal of the acids.

To carry this idea into practice, the ions M and B have only to be

chosen so that they together give an insoluble salt
;

that is to say, a

salt of the desired acid has to be prepared which yields an insoluble salt

with another acid, and with this acid the salt has to be decomposed.
Now, we already know a metal which gives an insoluble salt with

hydrochloric acid, viz. silver. Silver chloride is so very sparingly
soluble that even very dilute solutions of chlorides and silver salts give
a precipitate (p. 216). In the general equation, therefore, M has to be

replaced by silver and B by chlorine. If silver chlorate be prepared and
be decomposed with hydrochloric acid, silver chloride and chloric acid

are formed according to the equation

AgC103 + HC1 = HC103 + AgCl,

in which Ag is the symbol for silver.

Silver chlorate can be obtained in the same way as sodium or

potassium chlorate, by the action of chlorine on silver hydroxide.
The same principle can be carried out in various other ways, since

every insoluble salt gives a possible combination. Indeed, for the

actual preparation of chloric acid, other substances are mostly employed,

especially barium chlorate and' sulphuric acid. With these the same
result is obtained, since barium sulphate is also a very sparingly soluble

salt.

In employing this method of preparation, the amounts of the

reacting substances must be determined exactly, so that neither the

one nor the other shall be in excess and contaminate the chloric acid

which remains behind. In the method itself, however, is contained a

security against this, for the one substance must be added to the solution

of the other only so long as a precipitate is formed. The clear liquid
is tested with a small quantity of the first substance to see if an excess

of the second has not been added, and one continues testing with the
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two substances alternately until a sample of the solution gives no

precipitate either with the one or with the other.

It must not be thought that in this way an
"
absolutely

"
pure

solution is obtained. This would be the case only if the precipitate
were absolutely insoluble, which, however, is never the case. When,
however, the solubility of the precipitate is known from other measure-

ments, the amount of impurity still present can be calculated.

The solution of chloric acid thus obtained is a strongly acid, colour-

less liquid, which, although fairly stable in dilute solution, slowly

decomposes into oxygen and hydrochloric acid. The latter substance

acts in turn on the remaining chloric acid with formation of chlorine

and water, so that oxygen and chlorine are finally obtained. Expressed
in equations, we have

2HC103
= 2HC1 + 302 ,

and 5HC1 + HC103
- 3H2 + 3C12 ,

or, combined together,

The decomposition takes place all the more rapidly the more

concentrated the solution becomes and the higher the temperature
rises. By reason of the large quantities of oxygen which are evolved

in the decomposition, chloric acid is a strong oxidising agent.
Chloric acid as such finds no application, but the chlorates are

largely used. Fuller information with regard to this will be given
under the respective metals.

232. Solubility of Salts. In order successfully to perform the

above-mentioned separation of two salts by crystallisation, on the

basis of difference of solubility, a knowledge of the general laws to

which the solutions of solid substances conform is necessary. The

most important of these are the following.
When a solid substance dissolves in a liquid, there is for each

temperature a definite solubility, i.e. a definite ratio between the.amounts

of the dissolved substance and of the solvent. This ratio can be

expressed in two ways : either by taking the total amount of the solution

or only the amount of the solvent, as unit, or putting it equal to 100.

The former method of calculation is the one most suitable for scientific

purposes, but the latter is almost entirely used, and we shall retain it

here. The solubility will, accordingly, be represented by the amount
of solid substance which can dissolve in 100 parts of the solvent.

If less of the solid substance is brought into contact with the liquid

than corresponds to the solubility, it all dissolves and the solution is

called unsaturated, because it can still take up further quantities of the

solid substance. If more of the solid substance is added, an amount

dissolves corresponding to the solubility, and the excess remains undis-

solved. The solubility is quite independent of the amount of this

R
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excess, and the same concentration is therefore found whether the

solution is in contact with much or with little of the solid substance.

The solubility is therefore an expression of the equilibrium between

the solid and the liquid portion, just as, for example, the melting point
of a single substance is an expression of the equilibrium between the

solid and the liquid form. In both cases the equilibrium is inde-

pendent of the relative and absolute amounts of the participating

phases. This statement applies quite universally to all equilibria between

different phases.
When the solid substance is not present, one of the factors of

the equilibrium is wanting, and there is no cause present to prescribe a

definite concentration. From this it follows that a solution alone need

not have a definite concentration. In the case of unsaturated solutions

this requires no further explanation ;
as small quantities of the solid sub-

stance as we please can be dissolved in a given quantity of the liquid.

The theorem, however, must also applyto more concentrated solutions, i.e.

there can be solutions which contain more of the solid substance than

corresponds to the condition of equilibrium in presence of the solid form.

As a matter of fact, such solutions can be prepared in various

ways, and if the solid substance is not present, they are, within certain

limits, just as stable as the unsaturated solutions
;

in contact with the

solid form, however, they behave in the opposite way to these. Whereas

the unsaturated solutions dissolve the solid form, there separates from

the supersaturated solutions, as they are called, so much of the solid

substance that the condition of saturation is again established.

233. Influence of Temperature and Pressure on the

Solubility. If the temperature changes, the solubility in general
also changes. In the case of most solid substances, the solubility

increases as the temperature rises
;

in the case of some, however, it

decreases. The change of solubility with the temperature is usually

represented by a curve, the temperatures being measured towards the

right, the solubilities upwards. In Fig. 80 such curves are given for

sodium chloride, potassium chloride, and potassium chlorate. The

following facts can be learned from the figure.

The solubility of potassium chloride increases proportionally with

the temperature, i.e. for equal changes of temperature, the quantity
of salt contained in the saturated solution varies by equal amounts.

The solubility of potassium chlorate, however, increases more quickly

than the temperature, for, for equal differences of temperature, the

changes of the solubility are all the greater the higher the temperature.
The former behaviour is represented by the straight course of the

.solubility curve, the latter by the bending upwards of it.

The solubility of sodium chloride is characterised by the fact that

it is almost independent of the temperature, i.e. at different tempera-
tures it retains almost the same value. This circumstance can be

immediately recognised by the fact that the curve is almost horizontal.
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To the question of whether the solubility could be dependent
on any other circumstances besides the temperature an answer is

given by the phase law (p. 198). Since we are dealing here with two

components, the solid substance and the solvent, the sum of the phases
and degrees of freedom is equal to 2 + 2 = 4. In the case of a

solution in equilibrium with the solid substance, we have two phases,

namely, the solution and the solid body ; accordingly, there are still

two degrees of freedom. One of these is disposed of by the temperature
and one still remains, and it must be possible to change the solubility

by other circumstances, e.g. by pressure.
From experiments carried out in this connection the result has

been obtained that such a variability certainly exists, but is exceedingly

slight. Large pressures amounting to hundreds of atmospheres are

required to bring about such a change of the solubility as can just

70 80 SO*

Temperature

FIG. 80.

be measured. It is admissible, therefore, for most purposes to take

the possibility of this influence as little into account as in the case of

the change of the melting point with the pressure.

234. Relation between Solubility and Heat of Solution.

The question, On what does the influence of temperature on the solubility

depend ? or better, Is this influence related to any other property of

substances ? can be answered on the basis of the same principle as has

already several times been applied in answer to, the question as to the

influences affecting equilibrium. When a system is subjected to a

constraint, that process will take place which tends to counteract the

constraint. If, then, the temperature of a saturated solution be raised,

the equilibrium will be shifted in such a way that a reaction will take

place which is accompanied by lowering of temperature. In the case,

which is the most frequent, of the solution of the solid substance taking

place with absorption of heat, and therefore wiihlowering of temperature,

this process must result, and the solubility will increase with rise of

temperature. Cases exist, however, in which heat is developed on
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solution, and in such cases the solubility will decrease with rise of tem-

perature. Finally, substances which attain the condition of saturation

without exhibiting heat effects, will have a solubility which is inde-

pendent of the temperature.
These relations have, indeed, been demonstrated in many cases,

and no contradictory case is known.

Apparent contradictions, certainly, have made their appearance
through a false application of the theory. As follows from the above

exposition, it is a question of the heat which is taken up or given out

when a further quantity of salt is dissolved in a solution saturated at a

definite temperature. This quantity of heat must not be confused with

that which accompanies the solution of a salt in the pure solvent, and
which is usually what is measured. In the case of sparingly soluble

substances, it is true, the two are not greatly different
;'

but where
the substances are soluble in large amounts, they can have not only a

different value but even a different sign.

235. Crystallisation. From the foregoing relations there follows

the general behaviour of a solid substance and its solution. If the sub-

stance has been formed in solution it cannot separate out until its con-

centration has become greater than that corresponding to the point
of saturation at the existing temperature. If this concentration is

exceeded, the separation can take place, but does not necessarily do so,

since the solution can also remain supersaturated. If, however, the

separation has once started, it proceeds until there is contained in the

solution only as much as corresponds to the point of saturation. .

In the case more especially of substances whose solubility increases

with the temperature, solutions are obtained by saturation at higher

temperatures, which, on cooling, are supersaturated, and from which,

therefore, the solid substance separates out. Since under these con-

ditions the substance generally crystallises well, such a method of

procedure is known as recrystallisation. Of the substances given in

Fig. 80, potassium chlorate can be recrystallised very well from hot

solutions, since the difference of solubility at different temperatures
is very great. The method is less suitable for potassium chloride,

and not at all suitable for sodium chloride. For the purpose of re-

crystallising these substances other means must be employed by which

the solid substance is caused to separate out.

These differences of behaviour can be made clear by an experiment.
If potassium chlorate be added to boiling water as long as it is dissolved,

so much of the salt is deposited on cooling that the liquid forms a firm

paste. From a solution of potassium chloride saturated in the heat,

a much smaller amount of crystals is deposited, and from the solution

of sodium chloride, practically none.

Solutions may be made to crystallise not only by change of tem-

perature but also by diminishing the amount of solvent. In the case of

volatile liquids this is best effected by evaporation. Thus, for example,
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by evaporating the water of the naturally occurring solutions of common
salt, the -salt springs, the salt contained in them is obtained in the

crystalline condition. This method of crystallisation by evaporation
is used almost more frequently than the method of crystallisation by
cooling.

236. Behaviour of Mixed Salts. Eegularities similar to those

just set forth obtain in the case where several salts, or, generally,
several solid substances, are present at the same time. In this case

also there corresponds to each temperature a definite condition of

saturation which is independent of the relation between the amounts
of the different phases. When several salts are present the solubility
of each single salt, certainly, is no longer the same as when it is

present alone, but they exercise a mutual influence on each other.

This, however, affects only the numerical values and not the general
relations.

_

If, now, the point of saturation of a mixed solution is exceeded,
this does not, in general, occur at the same time for both salts, but
the solution which is supersaturated for the one is still unsaturated

with respect to the other. For this reason only the one solid substance

separates out from the solution, and its separation from the other is

thus effected.

For example, on evaporating a solution of any mixture of salts,

only that salt will, in the first instance, separate out whose point of

saturation is first reached. On withdrawing the crystals which are

deposited from the solution, the substance is obtained in the pure state.

Only when the point of saturation of the other substances is reached

do these separate out along with the first, and mixtures are obtained.

In such cases the separation can generally be carried further by
making use of the different variation of the solubilities with the tem-

perature. For example, if a solution of potassium chloride and potas-
sium chlorate, from which pure chlorate first separated, has reached

the point at which both salts would be deposited together on further

evaporation, it is only necessary to concentrate the solution at a higher

temperature. The chlorate is then relatively the more soluble and the

liquid deposits chloride
; if, then, saturation with respect to chlorate

is again almost reached, a mixture will be obtained, on cooling, which

contains much chlorate and little chloride, and by redissolving and

crystallising, these can be for the greater part separated. By repeating
the operations the separation can finally be effected to such a degree
that the residue of unseparated salts can be neglected.

* The method of separation to be pursued in individual cases depends

accordingly on a knowledge of the various solubilities. The general
relations we have explained allow in each case of the most appropriate
method being ascertained.

237. Perchloric Acid. A further step between chlorate and

oxygen is met with on carefully heating potassium chlorate or another
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chlorate. A portion of the salt, the amount of which depends on
external circumstances, and especially on the nature of the vessel and
the presence of solid impurities in the salt, decomposes into oxygen
and potassium chloride

; another portion, however, passes into a

compound richer in oxygen.
If potassium chlorate is kept heated to a temperature somewhat

above its melting point, the evolution of oxygen, which is at first con-

siderable, becomes slower and ceases long before the oxygen present
has been expelled. At the same time solid crusts begin to separate
from the fused salt

;
and when the evolution of gas ceases, the salt has

also again become solid, although the temperature is not lower.

The salt mixture produced can be readily separated by crystallisa-
tion into potassium chloride, which is readily soluble, and a new salt

whose solubility in water is very small. It is obtained almost pure
by extracting the finely powdered mixture with cold water, whereby
most of the potassium chloride is removed, and dissolving the residue

in hot water. On cooling, the new salt crystallises out.

Analysis shows it to be composed of potassium, chlorine, and oxygen
according to the formula KC104,

and it is, therefore, the potassium salt

of a new anion, C104', called perchloranion. The salts of this acid are

the perchlorates.

Just as the potassium salt is obtained from the chlorate, the free per-
chloric acid is similarly formed from chloric acid when this is evaporated

by heating. By this treatment, a portion of the acid decomposes into

water, chlorine, and oxygen (p. 241) ;
another portion, however, takes

up oxygen from the decomposed portion and passes into perchloric acid.

The process in the case of the potassium salt is represented by the

following equation :

In the case of the acid the equation is the same except that K is

replaced by H.

Although the transformation is accompanied by evolution of oxygen,
this is not essential, for, by careful heating, it can be brought about
without escape of oxygen.

238. Properties of Perchloric Acid. Perchloric acid is much
more stable than the other oxy-acids of chlorine. Whereas the hypo-
chlorites, when treated with hydrochloric acid, are converted in-

stantaneously, and the chlorates pass readily into water and chlorine,

this decomposition takes place, in the case of the perchlorates, only on

boiling. Further, it is possible to distil perchloric acid and to obtain

perchloric acid by the distillation of perchlorates with sulphuric acid,

although the boiling point of the acid is fairly high.
The properties of perchloric acid differ markedly according as the

acid is completely anhydrous or contains a little water. Prepared
from potassium perchlorate by distillation with sulphuric acid, it is
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obtained as an oily liquid, boiling at over 200, which is stable and
exhibits no oxidising properties. It contains 70 per cent pure acid

and 30 per cent water. If this liquid is mixed with double its volume
of sulphuric acid and again distilled, the water is retained by the

sulphuric acid and the pure acid HC104 passes over as a strongly fuming
liquid. If the distillation is continued, an aqueous acid distils over

and combines in the receiver with the anhydrous acid, forming a crys-
talline hydrate of the composition HC104 +H2

0. From this, the pure
acid can be again obtained by careful distillation. The pure acid is

colourless, very volatile, has the density 1-78, and decomposes with

extreme readiness, so that on being brought in contact with oxidisable

substances it generally explodes with violence. When placed in water

it dissolves with a hissing sound and great evolution of heat, forming
a very stable solution which, on evaporation, again yields the oily,

stable, 70 per cent acid.

The cause of this great divergence of properties lies in the fact that

the aqueous acid contains perchloranion, whereas the anhydrous acid

does not (p. 207). The ion is much more stable than its hydrogen

compound the acid, and for this reason also the salts of perchloric
acid do not show any of the readiness to decompose which is manifested

by the free acid.

In perchloric acid we have another example of solutions whose

boiling point changes with the composition in such a way that it has

a maximum value at a definite concentration. The relations discussed

in detail in the case of hydrochloric acid (p. 209) are again met with

here ; the fact, also, that the concentrated acid fumes in moist air is

further evidence of the similarity.
The succession of the products of interaction of chlorine and caustic

soda, which was indicated on p. 237, must, in accordance with what

has been said, be completed as follows :

24NaOH+12012

12NaOCl+12NaCl

4NaClO3+20NaCl

3NaClO4+21NaCl

24 NaCl+6O2

For the sake of shortness, the 12H
?
0, produced in the passage to

the second stage, have been omitted, since they take no further part

in the transformations.
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239. Other Oxygen Compounds of Chlorine. The substances

hitherto described do not exhaust the possible number of com-

pounds of chlorine with hydrogen and oxygen, although the sub-

stances still to be treated are of inferior importance to those already
mentioned.

If a chlorate is decomposed with a strong acid, e.g. sulphuric acid,

chloric acid is first formed, in accordance with the general scheme.

This substance is, however, not stable in the anhydrous condition,

and immediately undergoes decomposition, in accordance with the

equation

4HC103
= 2H

2 + 4C102 + 2
.

In other words, water is formed from the components of the acid, this

being necessary for the production of the (more stable) ion of chloric

acid.

The compound C102 ,
formed at the same time, bears the name of

chlorine dioxide or chlorine peroxide, and appears as a yellow-brown gas
which can be condensed to a similarly coloured liquid at a temperature
under 10. Both gas and liquid are extremely explosive.. This can

be shown by placing on the bottom of a wide-mouthed bottle of 2 to 3

litres capacity, a small dish containing some potassium chlorate and

allowing a few drops of concentrated sulphuric acid to fall on this. The

yellow gas is evolved with a peculiar crackling sound due to small

explosions. If a warm metal rod, the temperature of which can be

much below that of the visible red-heat, be introduced some moments
later into the gas, this decomposes with loud detonation into chlorine

and oxygen.
Chlorine peroxide is not the anhydride of any definite acid, but,

when brought in contact with caustic soda, yields sodium chlorate and
the salt of a new acid. The process takes place in accordance with

the equation

2C102 + 2NaOH = NaC103 + NaC102 +H20.

The salt NaC102
is called sodium chlorite, the anion, C102 ', chlorosion,

and the acid chlorous acid. It is little known, and its salts, which are

mostly very unstable, have as yet found no application.
240. Thermochemical Relations of the Oxygen Compounds

of Chlorine. As can be conjectured from the explosive properties of

most of the substances of this group, the compounds contain, in general,

considerably more energy than the elements, and therefore decompose
into these with evolution of heat. Even if the differences of the total

energy found here do not coincide with those of the free energy (p. 236),

still the two agree with each other so far, both with regard to sign
and order of magnitude, that in absence of a more exact knowledge of

the latter, the former may be taken as the basis of our considerations.

Chlorine monoxide decomposes with evolution of heat into its
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elements, and must therefore absorb heat if formed from them. The

equation is :

= 2Cl
20-2x74&/.

The gas dissolves in water with an evolution of 39 kj ;
the formation

of a solution of hypochlorous acid from water, chlorine, and oxygen
would therefore absorb 35 kj. Since from C120, 2HOC1 are formed,
there are - 17-5 kj for each molecule, and we have the equation

2C12 + 2 + aq.
= 4HOC1 aq.

- 4 x 17-5 kj.

If, however, we consider the formation of hypochlorous acid from

chlorine, oxygen, and hydrogen, we must add to the above the heat of

formation of water. Adding to the last equation

286 kj

and dividing by 2, we obtain

C12 + 2 +H2 + aq.
= 2HOC1 aq. + 2 x 125 kj.

In this case, therefore, there is a considerable development of heat.

For this reason hypochlorous acid never decomposes into chlorine,

oxygen, and hydrogen, but only into chlorine, oxygen, and water.

If, from the equation for the heat of formation of hydrochloric acid,

C12 +H2 + aq.
= 2HC1 aq. + 2 x 164 kj,

that for hypochlorous acid be subtracted, there follows

HOC1 aq.
= HC1 aq. + + 39 kj ;

that is to say, when hypochlorous acid decomposes into hydrochloric
acid and oxygen, 39 kj are developed. When, therefore, hypochlorous
acid acts as an oxidising agent, the heat which is thereby developed

is, for each combining weight of oxygen, greater by 39 kj than if the

oxidation took place with free oxygen. This would suggest that

hypochlorous acid, quite apart from its greater velocity of reaction,

would be a stronger oxidising agent than free oxygen, and that it would

be capable of oxidising substances not oxidised by this.

This makes us return to the point mentioned on p. 235. Since the

decomposition of hypochlorous acid into oxygen and hydrochloric acid

takes place with considerable diminution of the free energy, it can be

used for the purpose of preparing oxides which could be formed from

oxygen only with increase of the free energy, and which, therefore,

are not directly formed from it. Since the taking up of oxygen from

the hypochlorous acid by the substances in question necessarily takes

place simultaneously with the decomposition of the acid, we have here

the
;t

coupling
"
which has been laid down as a presupposed condi-

tion in using the free energy of one process to render another process
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possible (p. 231). Thus, for example, dilute hydrochloric acid can be

easily oxidised to chlorine and water by means of hypochlorous acid

(p. 234), a process which is not possible with free oxygen, because the

reverse formation of free oxygen from chlorine and water takes place

(p. 197).

The heat of formation of chloric acid is given by the following

equations :

H2 + C12 + 302 + aq.
= 2HC103 aq. + 2 x 100 kj,

2C12 + 502 + aq .
= 4HC103 aq.

- 4 x 43 kj.

From this we obtain the heat evolved in oxidation by means of chloric

acid :

HC103 aq.
= HC1 aq. + 30 + 64 kj.

There is a heat evolution, therefore, of 21 kj for each combining weight
of oxygen. This number is considerably smaller than in the case of

hypochlorous acid, which is in agreement with the smaller oxidising

power of chloric acid.

For perchloric acid, the corresponding equations are :

H2 + C12 + 402 + aq.
= 2HC104 aq. + 2 x 161 kj,

2C12 + 702 + aq.
= 4HC104 aq. + 4x18 kj,

)4 aq.
= HC1 aq. + 40-3 kj.

In all these equations the greater stability and feebler oxidising
action of perchloric acid find expression.

241. The Combining Weight of Chlorine. For the purpose of

determining the combining weight of chlorine with sufficient exact-

ness, a somewhat indirect method has been found necessary. First,

potassium chlorate was converted, by heating, into potassium chloride

and oxygen. Calculating, in accordance with the equation

KC103
= KC1 + 30,

how much potassium chloride is combined with 3x16 = 48 parts by
weight of oxygen, the number obtained represents the combining weight
of potassium chloride referred to oxygen equal to 16. Since, now, every

gram of potassium chlorate on ignition leaves a residue of 0-6085 gm.,

losing, therefore, 0-3915 gm. of oxygen, we have the proportion

KC1: 48 = 0-6085: 0-3915,

which gives for the combining weight of potassium chloride, KC1
= 74-59.

Next, it was determined how much silver chloride could be

obtained from a given amount of potassium chloride. Since one com-

bining weight of chlorine is contained in each salt, the ratio of the

weights in which the one is formed from the other is also equal to the

ratio of their combining weights. It was found that from each gram of
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potassium chloride, 1-9224 gm. silver chloride was obtained. Hence,

AgCl: 74-59 = 1-9224:1,

from which we find, AgCl = 143-39.

Lastly, a weighed quantity of silver was converted into silver

chloride. Each gram of silver yielded thereby 1-3284 gm. of silver

chloride, taking up, therefore, 0-3284 gm. of chlorine. Calculating with

the aid of this relation how much chlorine is contained in one com-

bining weight of silver chloride, the combining weight of chlorine is

found from the proportion

Cl: 143-39 = 0-3284: 1-3284

to be, Cl = 35-45.

From these determinations, we can further obtain the combining

weights of silver and potassium. Subtracting the combining weight
of chlorine from the combining weight of silver chloride which was
found equal to 143-39, there follows, Ag = 107-94. A similar calcula-

tion in the case of potassium chloride yields K = KC1-C1 = 74-59

-35-45 = 39-14.

The reason why such an indirect method has been employed is

that the simple oxygen compounds of chlorine cannot, on account of

their unstable nature, be prepared sufficiently pure nor analysed
with sufficient exactness. The transformations above described,

however, can be performed with very great exactness, and this is the

determining reason for preferring the indirect to the direct method.



CHAPTEK XIV

BROMINE, IODINE, FLUORINE

A. Bromine

242. General. Bromine is an element which closely resembles

chlorine in all its relations. Discovered by Balard in 1826, it has

since then been found to be, indeed, very widely distributed, but it

is met with in much smaller amount than chlorine. Its compounds
occur in small quantities in sea-water, and are contained, therefore, in

the residues left on the artificial or natural evaporation of this. From
the residues which are obtained by the latter process, and which, in

Germany, occur chiefly near Stassfurt, bromine is obtained and sent

into the market.

Bromine is a dark, brown-red liquid, transparent only in thin

layers, and has a density 3-1. It boils at 60, and even at room

temperature possesses a considerable vapour pressure. Bromine, there-

fore, evaporates very quickly even under ordinary conditions
;
and as

its vapour has a very unpleasant smell and a strong corrosive action

on the mucous membrane, care must be observed in working with it.

Bromine solidifies at - 7 to - 8 to a dark-coloured, crystalline mass.

The vapour of bromine is very heavy. If a small bulb filled with

bromine be broken, or if, by means of a pipette, a drop of bromine be

placed at the bottom of a large empty bottle, it is seen that the

brown-yellow vapour produced remains at the bottom and sways

heavily when the bottle is moved. Only after standing undisturbed

for a considerable time does the bromine vapour slowly ascend into

the upper parts of the bottle, in accordance with the general law of the

diffusion of gases, which states that equilibrium occurs only when the

partial pressure of each gas or vapour present has become equal

throughout the whole space (p. 136).

If the same experiment be repeated in a bottle filled with

hydrogen, diffusion takes place much more rapidly ;
and by performing

two parallel experiments with air and with hydrogen side by side, the

great difference in the height of the bromine will be perceived even

252
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after 5 to 10 minutes. This appears remarkable, since the difference

of density as compared with hydrogen is much greater than that

compared with air, and, therefore, the work to be performed against

gravity is also greater. That, nevertheless, bromine, vapour and

hydrogen mix more quickly is due to the fact that diffusion proceeds
more rapidly in hydrogen because, in this case, the mutual friction of

the gases is less. The velocity of diffusion obeys, to some extent,

though by no means exactly, the same law as the velocity of effusion

(p. 138), and is, in the case of hydrogen, about four times as great
as in air.

From determinations of the density of bromine vapour, its molar

weight has been found to be 160, or five times as great as that of

oxygen. Bromine vapour is, therefore, 5-5 times as heavy as air.

Since the combining weight has been found to be half as great (the
exact figure being 79-96), the composition of bromine vapour is repre-
sented by the formula Br2 . At very high temperatures, the molar

weight becomes somewhat lees. Since similar relations are found and
have been more fully investigated in the case of iodine, we shall discuss

this phenomenon at that point.
Bromine dissolves in water, forming a yellow to brown coloured

liquid, which possesses the smell of bromine and can be used in place
of pure bromine when only a small quantity of the substance is

required. The solution, saturated at room temperature, contains

about 3 per cent of bromine. If the water contains saline com-

pounds of bromine in solution, more bromine is dissolved, readily

decomposable compounds of bromine being formed which, in most
of their relations, behave like free bromine. These relations, also,

will be discussed more fully under iodine.

From the aqueous solution of bromine (bromine water) there

separates out, on cooling, a solid hydrate which behaves quite similarly
to chlorine hydrate (p. 198).

243. Hydrogen Bromide. With hydrogen, bromine forms a

compound, HBr, which is very similar to hydrogen chloride. The
reaction between the elements, however, is not nearly so vigorous as

in the case of chlorine. If bromine vapour be mixed with hydrogen,
no sudden reaction takes place either on passing an electric spark or on

exposing the mixture to sunlight ; only a partial combination of the

gases occurs. The reaction can be accelerated by employing catalytic

agents, and for this purpose platinum and the metals like it have

been found to be specially active. If a suitable mixture of hydrogen
and bromine vapour be passed through a gently heated tube filled

with finely divided platinum, the issuing gases contain large quantities
of hydrogen bromide, and, by suitable arrangement, the reaction is

practically complete.

Hydrogen bromide is obtained more easily, and in a manner

more suited for experimental purposes, by the simultaneous action
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of bromine and phosphorus on water. The chemical reaction which

here takes place cannot be completely explained till we come to

phosphorus ;
suffice it to indicate that a partition of the elements of

water results. The oxygen combines with the phosphorus and the

hydrogen with the bromine. Bromine alone is not able to decompose
water, as this would be associated with an increase of the free energy

(p. 236). If this reaction, however, be joined with another in which a

considerable diminution of the free energy occurs, so that over the whole

process there is a diminution of the free energy, the reaction becomes

possible. The auxiliary process in this case is the combination of

oxygen with phosphorus, which, as we know (p. 108), is accompanied

by the liberation of large quantities of energy.
The experiment is carried out as follows. Red phosphorus along

with some water is placed in a small flask, through the cork of

which pass a dropping-funnel containing

bromine, and a delivery tube (Fig. 81).

To this is connected a U-tube filled

with moistened red phosphorus spread
out on pieces of glass. The purpose of

this is to convert any bromine vapour
which may escape from the flask also

into hydrogen bromide. On allowing
the bromine to drop slowly into the

FlG 81 flask, a violent reaction, accompanied
by flashes of light, takes place, and

from the end of the U-tube a colourless gas escapes which forms

dense fumes in the air and is absorbed with extreme readiness by
water. It thus behaves very similarly to hydrogen chloride.

The gas cannot be collected satisfactorily over mercury, since it is

decomposed by this metal, mercury bromide and hydrogen being
formed

;
still the reaction does not proceed rapidly. On account of

its great density it can be collected, like chlorine, by displacement of

the air. In this case the appearance of a thick mist at the mouth is

the sign that the vessel is full.

The molar weight of hydrogen bromide is 81, corresponding to the

formula HBr. The gas shows noticeable deviations from the simple
laws.

By pressure and cold, hydrogen bromide can be converted into a

liquid which boils at - 65, and, like liquid hydrogen chloride, has

only a comparatively slight reactivity.
244. The Solution of Hydrogen Bromide. An aqueous solu-

tion of hydrogen bromide can be obtained by connecting to the

generating apparatus (Fig. 81) the arrangement described on p. 208
for the absorption of a gas. The solution, saturated at 0, contains 80

per cent of hydrogen bromide
;

it is very strongly acid, fumes in the

air, and has a density of 1-5. More dilute solutions do not fume so



xiv BROMINE, IODINE, FLUORINE 255

much, and the 48 per cent solution is in the same condition as the 20

per cent solution of hydrogen chloride
;

it distils over 'with unchanged
composition. The relations described in the case of hydrogen chloride

(p. 210) are repeated quite similarly in the case of hydrogen bromide,
so that they need not again be described.

The characteristic reactions of acids are displayed in the same way
by hydrogen bromide as by hydrogen chloride, so that equivalent
solutions of the two acids behave almost identically, not only quali-

tatively but also quantitatively. Hydrobromic acid, therefore, belongs
to the strongest acids, and even in moderately dilute solutions is

largely dissociated into its ions.

Hydrobromic acid acts on the metals in the same way as hydro-
chloric acid : hydrogen is evolved and the bromides of the metals are

formed. These are identical with the compounds which are obtained

by the action of the hydroxides of the same metals on hydrobromic
acid, water being simultaneously formed, and with those obtained by
the direct action of bromine on the respective metals.

In the latter case the action is, in general, not so energetic as in

the case of chlorine, but the difference is not very great. An idea of

this is obtained by introducing a piece of thin rolled metallic tin

(tinfoil), such as is used for wrapping up chocolate and such things,
into liquid bromine contained in a test tube. The two elements

immediately combine with the production of a dark-red flame and
the evolution of thick vapours. On account of the poisonous pro-

perties of these the experiment must be carried out in a fume
chamber with good draught.

The aqueous solutions of hydrobromic acid and of most of the

metallic bromides contain bromine as bromidion. In this form it

exhibits the general property of ions of electrolytic conductivity, and
the numerical values of this generally agree very closely with those

of the equivalent chlorides. A reaction with silver solutions is also

given, and the precipitate of silver bromide which is produced by silver

salts in all solutions containing bromidion is very similar to silver

chloride in appearance, but is of a yellowish colour and is much less

soluble than silver chloride. The reactions by means of which the two
substances can be distinguished from one another will be given under

silver. For the rest, bromidion is not coloured.

When chlorine is passed into solutions containing bromidion, an

exchange of conditions takes place : the chlorine passes into chloridion

and bromidion into bromine. For this reason, all such solutions on

addition of chlorine water become yellow in colour, and since this

coloration is quite visible even with a very small concentration of

bromine, it serves as a test for bromidion. Since chloridion cannot of

course react with chlorine, chlorine water can also be used to dis-

tinguish between bromidion and chloridion, and for the identification

of the former in the presence of the latter.
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Employing a dash to indicate the ions, as mentioned on p. 226,

the reaction in question should be written,

No bromidion, of course, can be present in solution unless an

equivalent amount of some cation be also present ;
the latter, however,

plays no part in the process, which takes place in the same way what-

ever the cation may be.

This reaction is used for the preparation of bromine from the

liquids in which bromine compounds occur naturally, more especially
from the mother liquors obtained in the working up of the potassium
salts at Stassfurt (p. 96). All these salt solutions contain the bromine

in the ionic form, and on passing in chlorine and distilling the liquid,

the readily volatile bromine passes over with the steam. The chlorine

required for this purpose can also be prepared in the liquid itself by
adding a hypochlorite (e.g. bleaching-powder), for example, and then

hydrochloric acid. By means of a preliminary determination of the

amount of bromine in the liquors, however, care must be taken rather

to add too little than too much chlorine, in order that the bromine

produced be not contaminated with chlorine.

245. Oxy-acids of Bromine. Bromine is readily dissolved by a

solution of caustic soda, the liquid remaining bright yellow in colour.

Besides sodium bromide, the liquid then contains sodium hypobromite.
The reaction agrees entirely with the corresponding one in the case

of chlorine, for it takes place according to the equation

2NaOH + Br2
- NaBr + NaOBr + H20.

The solution produced is used in the laboratory. It contains

hypobromosion, BrO', and by reason of the oxygen of the latter it has as

powerful an oxidising action as hypochlorite solution.

The corresponding acid, hypobromous acid, HOBr, can also be pre-

pared in dilute aqueous solution. It is very similar to hypochlorous
acid.

On standing some time, especially when an excess of bromine is

present, the solution passes into one containing bromamon, Br03 ', along
with bromidion. In this case also it is better to use a solution of

potassium hydroxide. On adding bromine to such a solution without

cooling, until its colour is permanent, the potassium bromate separates
out at once in the form of a crystalline precipitate. Neglecting the

intermediate hypobromite stage, the reaction is

6KOH + 3Br2
= 5KBr + KBr03 + 3H20.

From this salt bromic acid, HBr03 ,
can be obtained in aqueous

solution in the same way as chloric acid was obtained from chlorate.

It is very similar to chloric acid, only still more easily decomposed.
It is not known in the anhydrous condition.
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Perbromates have not yet been prepared, and no oxygen compounds
of bromine are known corresponding to chlorine monoxide and chlorine

dioxide. In general, the compounds of bromine containing oxygen
decompose more easily than the corresponding chlorine compounds.

The combining weight of bromine has been determined in a manner
similar to that used for chlorine. It amounts to 79-92, or almost

exactly 80. The deviation from the round number, however, is not

due to experimental error, but has been proved beyond doubt.

B. Iodine

246. General, Iodine is allied to chlorine and bromine, and forms

a third similar element. Of the three, it has the highest combining
weight, amounting to 126-85, and its properties show deviations from
those of bromine chiefly in the same direction as those of bromine
deviate from chlorine.

At ordinary temperatures, iodine is a solid, crystalline substance

of a purple-black colour with an indication of metallic lustre. Its

density is 5. At 114 it melts to a deep brown liquid. Even at

ordinary temperatures it emits some vapour, which can easily be

recognised by its reddish-purple colour when a little iodine is con-

tained in a fairly large vessel. Iodine, however, does not boil

till 184.

Iodine vapour is of a fine violet colour. For the purpose of

observing this colour and at the same time also the great density of

iodine vapour, a large, round-bottomed flask is strongly heated in a

large flame, being kept diligently turned the while, and a few crystals
of iodine are then thrown into the hot flask. The iodine is at once

converted into a vapour of a dark violet colour, which remains at the

bottom, and which, when the vessel is moved, shows itself in a high

degree subject to the force of gravity.
The density of iodine vapour is very considerable, being about

nine times as great as that of air. The molar weight is 254 and the

vapour has, therefore, the formula I
2

. An account of its behaviour at

high temperatures will be given presently.
In water, iodine is only sparingly soluble, but still sufficiently for

the brown colour with which it passes into solution to be detected in

fairly thick layers. If a salt-like iodide is present in the water, much

larger quantities are dissolved with a brown colour. This is due to the

formation of an ion, I3 ', as will be immediately discussed.

In other liquids iodine is generally more soluble. In spirit of

wine it dissolves with a brown colour similar to that of the aqueous
iodide solutions. This solution is used in medicine, and is called

tincture of iodine. Other solvents, such as carbon disulphide and

chloroform, dissolve it with a fine violet colour similar to that of the

vapour. The differences in colour are due to the fact that along with

s
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the (violet) iodine the solutions contain compounds (mostly brown)
between iodine and the solvent.

If an aqueous solution of iodine is shaken with carbon disulphide,
1

tl^e colour of the iodine disappears from the aqueous solution, and the

carbon disulphide is coloured purple. The iodine, therefore, leaves the

water in order to dissolve in the carbon disulphide. This is an

example of a general phenomenon which is subject to definite laws.

247. The Law of Distribution. If to two liquids, A and B, which

are not (or rather, are only slightly) miscible with each other, a sub-

stance be added which is soluble in both, this substance will, in general,
dissolve in both liquids and a state of equilibrium will be established.

This state is determined by the law that the substance is distributed

between the two solvents in such a way that the ratio of its concentration in

each is constant.

This ratio is independent of the amounts of the two solvents,

and of the absolute concentration, at least within definite limits,

and depends only on the nature of the three substances and on the

temperature.
For example, iodine is distributed between water and carbon

disulphide in the ratio 1 : 600. If, then, any quantities whatever of

water, iodine, and carbon disulphide are shaken together and the two

solutions then investigated, there will be found in each cubic centi-

metre of the carbon disulphide solution 600 times as much iodine as

in 1 cc. of the aqueous solution.

As is evident from these numbers, the concentration in carbon

disulphide is very much greater than in water
;

for this reason also

the greater part of the iodine passes, as the experiment shows, into

the former, when an aqueous solution of iodine is shaken with carbon

disulphide.
This law holds only for the iodine present in the elementary

state, and not for any compounds of iodine that may be present.

If carbon disulphide be rendered a deep violet colour with iodine,

and the solution then shaken with a solution of caustic soda, the

violet colour disappears and the iodine passes into the aqueous
solution. Here, however, it no longer exists as iodine, but has

iormed salts with the caustic soda. 2 If hydrochloric acid be added

to the solution, by which means free iodine is again formed, and the

mixture be shaken, the carbon disulphide again becomes violet in

colour.

248. Iodine Vapour. It has already been mentioned that the

vapour of iodine has the molar weight 254. This value holds for

temperatures above the boiling point up to about 500. If the

1 Carbon disulphide is a compound of sulphur and carbon, and forms a heavy,

colourless liquid which does not mix with water.
2 The reactions which take place here agree entirely with those given by chlorine or

bromine with caustic soda, and the reader is, therefore, referred to the explanation of

them given previously (p. 232).
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temperature be raised still higher, the iodine vapour expands more
than a normal gas, and its molar weight, therefore, becomes smaller.

The deviation becomes all the greater the higher the temperature is

allowed to rise. At 1500, finally, the half value is reached, and a

further elevation of the temperature has no longer any effect.

This statement is true only when the pressure is equal to one

atmosphere. If it is less, too small densities are found even at lower

temperatures, and the half value is sooner reached. At temperatures
above this, however, the molar weight again remains constant. These
relations are made clear in Fig. 82. The molar weights are measured

downwards, and the temperatures to the right. The numbers placed
beside the curves give the pressures.

The above facts show that when iodine vapour is heated, a

transformation of the vapour I
2 into I takes place, according to the

FIG. 82.

equation I
2
= 2I. Such a decomposition of one substance into simpler

substances is called dissociation. From the fact that the decomposition
increases with rise of temperature, it is to be concluded that heat is

absorbed in the process, in accordance with the repeatedly expressed

general principle of resistance to change. Since the second form

would, under the same pressure, occupy double the volume of the first,

and, therefore, if the volume is the same, would exert twice the

pressure, the transformation of I2 into 21 would, at constant volume,
cause an increase of the pressure. From this fact it can be concluded,

on the ground of the same general principle, that the decomposition
will be promoted by diminution of pressure, since the decomposition

opposes the latter. This conclusion is borne out by the experiments

represented in Fig. 82.

Compared with I2 ,
the substance I must be regarded as a new

substance with different properties. Owing to the difficulty of investi-

gation at such high temperatures, it has hitherto been impossible to



260 PRINCIPLES OF INORGANIC CHEMISTRY CHAP.

determine these differences quantitatively except in the case of the

density. It has, however, been stated that a change in the colour of

the vapour has been observed.

249. Starch Iodide. Elementary iodine in the pure state, whether

as vapour or in solution, is, even of itself, distinguished by its strong
colour. Still smaller quantities than can be detected by the colour of

the free iodine can be detected by the colour of a remarkable compound
which iodine forms with starch.

Starch is an organic substance (that is, a substance containing

carbon) composed of carbon, hydrogen, and oxygen, which occurs very

widely distributed in plants, collected chiefly in the seeds or the

equivalent portions of the vegetable organism. It is prepared mostly
from potatoes and from wheat, and is obtained in the form of a white

powder which is insoluble in cold water, but in hot water swells up to

a gelatinous mass. If much water be taken, say, a hundred times as

much as the weight of the starch, a liquid is obtained which can be

filtered hot from the undissolved cell-walls, and which then appears
clear and remains liquid.

This solution of starch, now, has the property of yielding a fine

blue colour with free iodine. This coloration is exceedingly strong.

The very feebly brownish-coloured solution obtained by shaking iodine

with water becomes of a dark-blue colour with starch solution, and

liquids somewhat richer in iodine are rendered opaque. The compound
which is here formed contains the iodine only very feebly united ;

it

reacts in almost every respect like free iodine, and it is therefore

employed in many chemical reactions in which iodine is produced
or used up, as an indicator for the first or for the last traces of iodine.

If a solution of starch iodide, as the blue substance is called, is

warmed, it becomes colourless at a temperature a little below the

boiling point, exhibiting only the feebly brownish colour of iodine.

On cooling, the blue colour reappears, showing that the compound
is again formed from its components.

This experiment can be rendered very clear if only the lower

portion of the colourless solution, obtained by heating in a test tube,

be cooled by partially immersing the tube in cold water. Only this

portion will then become blue, and as the cooled liquid is the speci-

fically heavier, it will remain undisturbed at the bottom and the

transition is fairly abrupt. In proportion as the solution cools, the

blue colour gradually moves upwards.
This colour phenomenon serves for the detection both of iodine and

of starch, and is of great value for both purposes.

250. Hydrogen Iodide. Iodine and hydrogen unite to form

hydrogen iodide, which, in accordance with its formula HI, has the

density 128. Like the other halogen hydracids, it is, at ordinary

temperatures, a colourless gas. Its liquefaction, however, under

atmospheric pressure, takes place even at - 34.
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The union of the two elements is still less stable than in the case

of hydrogen bromide. If a mixture of hydrogen and iodine vapour in

equal volumes be heated, only a portion of the mixture combines to

form hydrogen iodide, the other portion remaining uncombined. This

proportion, also, is not altered by adding platinum sponge ;
the final

invariable state will only be very much more quickly reached. This

point varies somewhat with the temperature ; at 520, 76 per cent of

the mixture combines.

Conversely, already formed hydrogen iodide, when heated, partially

decomposes into iodine and hydrogen, the mixture finally having,
indeed, exactly the same composition as before. In this case the

presence of platinum sponge accelerates the decomposition just as in

the former case it accelerated the combination, in conformity with the

general law of catalytic acceleration.

In accordance with the formula

two volumes of the compound are produced from two volumes of the

mixed gases ;
the reaction, therefore, takes place without change of

volume. Now, we have just seen (p. 259) that a diminution of the

pressure promotes that reaction which, at constant volume, would be

accompanied by increase of pressure. On attempting to apply this

rule here, the difficulty arises that neither of the two possible reactions

neither the formation nor the decomposition of hydrogen iodide

would cause an increase of pressure. The conclusion to be drawn
from this is that in this case change of pressure has no influence on
the chemical equilibrium. This conclusion has been confirmed by
experiment.

This case can be generalised, and we can enunciate the rule : If

definite states are not altered by given processes, a change in these states has,

conversely, no influence on the processes. With the help of this rule,

conclusions can sometimes be drawn which are as important as the

rule is simple.

Hydrogen iodide can be prepared, similarly to hydrogen bromide,

by means of phosphorus and water, as well as by heating iodine and

hydrogen in the presence of platinum. The reaction is in this case

much less violent. Red phosphorus, water, and iodine can be mixed

in the order given, in the proportions 1 : 4 : 15, without any consider-

able reaction taking place ;
on heating, hydrogen iodide is then evolved,

and can be collected by downward displacement, as it is four times

heavier than air.

On account of the readiness with which it decomposes, almost all

substances which combine with hydrogen act on hydrogen iodide. If

the heavy gas be poured into a cylinder containing chlorine, a flame

appears and the cylinder is filled with the violet vapour of iodine,

hydrogen chloride being formed at the same time. Mixed with oxygen
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or air and ignited, hydrogen iodide burns, iodine separating out and
water being formed. Hydrogen iodide acts similarly on numerous
other substances, so that it can be employed in many cases for the

introduction of hydrogen into other substances. It may also be

successfully used for the removal of oxygen from compounds, the

oxygen combining with the hydrogen of the hydrogen iodide to form
water. In this case the addition of phosphorus is useful in order to

regenerate hydriodic acid from the iodine and water formed.

251. Hydrogen Iodide and Water. From the mere fact that

hydrogen iodide fumes strongly in air, it can be concluded that it will

behave towards water in a similar way to the other halogen hydracids.
As a matter of fact, it dissolves very abundantly in water. The
solution saturated at has a density of nearly 2, and contains about
90 per cent of hydrogen iodide. The "

constant
"

solution, i.e. the one

which is unchanged by distillation, contains 57 per cent of hydrogen
iodide and boils at 126.

The aqueous solution of hydrogen iodide shows the general

properties of acids in exactly the same degree as the other two

halogen hydracids ;
it is dissociated to the same extent into ions, and

its action as an acid is, in consequence, not more feeble than that of

the other acids. The strength of the acid, i.e. its acid character, is

by no means dependent on the stability of the compound itself, but

only on the degree of ion formation. On account of the lower

volatility of aqueous hydriodic acid as compared with the other two

acids, hydriodic acid can even decompose the salts of these
;
when

sodium chloride is evaporated with hydriodic acid, sodium iodide is left

behind, in accordance with the equation NaCl + HI = Nal + HG1. The
reaction has to be explained in the manner set forth on p. 233, accord-

ing to which the most volatile of the possible compounds, in this

case hydrochloric acid, escapes and makes it possible for the reaction

to proceed.
On allowing an aqueous solution of hydrogen iodide to stand in

the air, it speedily turns brown, and in course of time the hydrogen
iodide disappears and solid iodide separates out in fine crystals.

This change takes place in accordance with the equation 4HI + 2
=

2H
2 + 2I2 ,

i.e. the hydrogen iodide is oxidised by the oxygen of the

air and passes into water and iodine. The liberated iodine remains

at first dissolved in the liquid, but in proportion as the hydrogen
iodide disappears, the solvent power also diminishes and the iodine

separates out in the solid state.

It may now be asked why iodine is soluble in dilute hydriodic
acid while it is almost insoluble in pure water. Other acids, such as

dilute hydrochloric acid, do not dissolve it to a much greater extent

than water.

The answer to this question is that the iodine can combine with

the iodidion of the hydriodic acid in accordance with the equation
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I' + 12
= I3

'

to form triiodidion I3 ', which is coloured brown. The com-
bination does not take place completely, about half of the iodidion

remaining uncombined. Hence, about as much free iodine dissolves

in the solution of dilute hydriodic acid as there is iodine already pre-
sent in the form of iodidion. In more concentrated solutions, however,
the solubility of the iodine is considerably greater.

From what has been said, it follows that iodine must dissolve

to the same extent in the solutions of all metallic iodides capable
of forming iodidion. This has been found by experiment to be

the case.

These considerations can be- generalised. When in dilute solutions

the solubility of a substance is increased by the addition of another

substance, this is to be explained by the conversion of the solute by
the substance added into another compound, to an extent corresponding
with the increase of the solubility. So much passes into solution that

the uncombined portion amounts to about as much as it would do in

the pure solvent
;
the excess is in a state of combination.

The fact that this rule has been expressed only for dilute solutions

is conditioned by the circumstance that additions alter the nature of

the solvent and thereby influence the solubility. An example of this

is to be found in the case of iodine, which is dissolved, more especially

by concentrated solutions of hydriodic acid and of iodides, in much

larger quantities than it ought to be from the above cause alone.

In the brown solutions of iodine in iodides, therefore, only a small

portion of the iodine can be regarded as existing in the free state,

namely, an amount not greater than is dissolved by water (p. 257).

Still, the solutions mostly behave as if all the iodine dissolved were

free. This is due to the fact that in proportion as the free iodine is

removed by any reaction, fresh iodine is formed by a splitting up of

the ion I3
'

into I' + 1
2 . This process takes place so quickly that there

is at no time a complete absence of free iodine so long as any
triiodidion, I3', is still present.

It can be seen that the iodine is indeed combined and not free, by

shaking a solution of iodine in carbon disulphide with a large quantity
of hydriodic acid or potassium iodide solution. Although no appreci-

able amount of iodine can be removed from this solution by pure water

(p. 258), the violet colour in this case for the greater part disappears,

and the iodine passes into the aqueous solution with a brown

colour.

252. Oxygen Compounds of Iodine. On dissolving iodine in

caustic soda solution, sodium hypoiodite or hypoiodosion, 10', is first

formed in accordance with the same scheme as in the case of the other

halogens. This compound is, however, exceedingly unstable, and in a

few moments undergoes transformation with formation of iodanion and

iodidion according to the equation, 310' = I03
' + 21'. Hypoiodous acid,

therefore, cannot be prepared even in the condition of a dilute solution.
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From the fact that the solution produced by the action of iodine

on caustic soda has different properties at first from what it has later,
it follows that something is formed other than the iodide and iodate

which are obtained by crystallisation from the solution. More especi-

ally, the freshly prepared solution gives a separation of iodine even
with the weakest acids, while later it becomes much more resistant to

this action and the iodine separates out much more slowly.
The first stage of the action must, therefore, be formulated thus :

2NaOH + 1
2
= NaOI + Nal + H20,

or,

and the second

3NaOI = 2NaI + NaI03 ,

or,

lodic acid, which corresponds to the salt NaI03 ,
is a very stable

substance and can be obtained in various ways. Thus, iodine is con-

verted directly into iodic acid, HI03 , by the action of moist ozone.

Other strong oxidising agents likewise form iodic acid from iodine
;

for this purpose nitric acid is mostly used. The reaction which takes

place here cannot be understood thoroughly until later (Chap. XVII.).
The salts of iodic acid, or the iodates, are formed still more easily.

If a solution of potassium chlorate is slightly acidified and warmed
with iodine, potassium iodate, iodic acid, and hydrochloric acid are

formed

10KC103 + 6I2 + 6H2
= 10KI03 + 2HI03 + 10HC1.

The iodic acid can be obtained from the liquid by adding a soluble

barium salt
; sparingly soluble barium iodate then crystallises out and

can be decomposed with sulphuric acid. The aqueous solution of iodic

acid thus obtained can be evaporated without decomposition.
Iodic acid crystallises from the concentrated aqueous solution in

lustrous crystals, which have the composition HI03 ,
dissolve readily in

water, and impart to this the reactions of a strong acid. In fact, iodic

acid is only slightly weaker than the halogen hydracids, which are the

strongest known.
On careful heating, iodic acid loses the elements of water and

passes into a white, heavy powder, iodine pentoxide

This oxide also dissolves in water, but is thereby transformed at

once into the acid, combining again with the elements of water.

If the oxide be still more strongly heated, it decomposes into

oxygen and iodine, which is recognised by its violet colour.
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If iodic acid and hydriodic acid be brought together, they speedily
act on one another, with formation of water and iodine

This reaction does not occur on bringing potassium iodide and
iodate together, since the hydrion necessary for the formation of water
is wanting. If this, however, be added in the form of some acid,

iodine immediately separates out. This reaction can be used as a

sensitive indicator for the presence of hydrion. In the case of strong
acids or high concentration of hydrion, the reaction proceeds so rapidly
that the various steps cannot be followed

;
with very weak acids, how-

ever, it can be seen that the reaction is not complete in a moment,
but that it requires time.

253. Periodic Acid. If sodium iodate be subjected to the action

of specially energetic oxidising agents, it takes up a further combining
weight of oxygen and passes into the salt of periodic acid, which in

solution forms periodanion, I04'. The periodic acid corresponds to a

certain extent to perchloric acid, but differs from it by the fact that

in the pure state it is a solid substance, the composition of which is

not represented by HI04,
but by the formula H

5I06, containing two

combining weights of water more. On careful heating, periodic
acid also loses water and forms an anhydride I

2 7 ; by careful

dehydration an intermediate substance of the composition HI04 can

be obtained.

The behaviour of periodic acid towards bases is different from that

of the acids hitherto discussed. Besides the salts of the formula MI04 ,

corresponding to the salts of perchloric acid, periodic acid forms salts

with three and five combining weights of metal. The formulae of these

are obtained by imagining one or two molecules of water added to

the formula HI04 ,
and the hydrogen of the compound thus formed

replaced by metal. In other words, there exist, besides the acid

HI04 ,
also the acids H3I05 and H

5I06
. Acids such as these which

contain several combining weights of hydrogen replaceable by metals,
are called polybasic acids. They contain polybasic anions, in the

present case the tervalent ion I05

'"
and the quinquevalent ion I06'"".

We shall discuss the relations of these acids later, with the help of a

simpler and better-known example (Chap. XV.).
254. Chlorides of Iodine. In the experiment on the decom-

position of hydrogen iodide with chlorine described on p. 262, it is

observed that if the chlorine is present in excess, the iodine does not

separate out in the usual dark lustrous crystals, but that a reddish-

brown liquid of the appearance of bromine and also reddish-yellow

crystals are produced. Both these are new substances formed by the

combination of chlorine with iodine.

The red-brown liquid has the composition IC1, is called iodine

monochloride, and is formed with extreme readiness by passing
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chlorine over iodine. Under the influence of the chlorine the iodine

liquefies, and by starting with weighed quantities the experiment can
be interrupted when the increase of weight corresponding to the

formula has taken place.
This substance can be solidified by cold, and is obtained in two

forms, one of which melts at 14, the other at 27. Of these two

forms, the one with the higher melting point is stable
;

the other

form, however, is produced more readily by spontaneous solidification

when the liquid is cooled down. If a little of the higher melting form
be brought into contact with the form of lower melting point, the latter

changes into the former
;
the reverse transformation never takes place.

From the liquid cooled below 14, in the neighbourhood of which

temperature the liquid does not spontaneously solidify, the one or the

other form separates out, according as crystals of the one or other

form are added.

The relations described here are found in the case of a large number
of substances. Besides the liquid form, only one kind of which can
be present, there are often several solid forms possible, each of which
has its special melting point. The form with the lower melting point
is always unstable with respect to the form of higher melting point,
so that it can pass into the latter, whereas the reverse transformation

never occurs. 1 This phenomenon is called polymorphism, and the

different forms, polymorphic forms.

Besides the iodine monochloride, there is another compound,
iodine trichloride, IC13 . It is easily obtained by passing an excess of

chlorine over iodine
;

the brown liquid which is first produced soon

solidifies to red-yellow crystals, which cannot be melted at ordinary

pressure, as they previously decompose into chlorine and vapour of the

monochloride. If the decomposition be hindered by an increase of

pressure, a melting point under 16 atm. can be observed at 101.
Both compounds are decomposed by water with formation of hydro-

chloric acid, iodic acid, and free iodine. Still the trichloride seems to

dissolve partially in water without decomposition, and to be formed on

mixing concentrated solutions of iodic acid and hydrogen chloride.

Besides these compounds, there exist compounds of iodine and
bromine and of iodine and fluorine. These will not be discussed here.

C. Fluorine
'

255. General. To the group of halogen elements there must also

be added the element fluorine, which differs in its properties more

widely from the other three than these from one another. It exhibits,

however, still fewer relationships with the rest of the elements, and is,

therefore, most suitably classed along with the halogens.
1 This holds, in general, only for the behaviour of the substances in the neighbour-

hood of the melting point. At temperatures which lie at a greater distance below the

melting point, the relations can become reversed.
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Fluorine lias the combining weight 19, which is smaller than that

of the other halogens. The relation which is found here, that the

element with the smallest combining weight shows less similarity to

the related elements than the elements of higher combining weight to

one another, is repeatedly found. Reference will therefore be made
to this again on other occasions.

Fluorine is not found free in nature any more than the other

halogens. To a still higher degree than these it has the tendency to

combine with other elements. This property is so marked that until

a few years ago fluorine was quite unknown in the free state.

Compounds of fluorine are fairly widely distributed in nature. It

occurs in small quantity in many rocks, and its calcium compound,^wor-
spar, is a very abundant mineral. The total amount of fluorine, how-

ever, in the earth's crust accessible to us is considerably less than that

of chlorine.

256. Preparation. Fluorine is obtained by the electrolysis of its

hydrogen acid in exactly the same way as chlorine is obtained by the

electrolysis of hydrochloric acid. But in this case the difficulty arises

that the aqueous acid cannot be employed for this purpose, since the

free fluorine decomposes water with evolution of oxygen and regenera-
tion of hydrogen fluoride. Anhydrous hydrogen fluoride, however, is

just as little a conductor of electricity as the -other halogen hydracids
in the anhydrous state.

The difficulty can be overcome by dissolving potassium fluoride in

the anhydrous acid, which thereby becomes a conductor. It is, how-

ever, only the hydrofluoric acid that undergoes decomposition, and at

the cathode there is obtained hydrogen (primarily and secondarily ;

cf. p. 222), and at the anode, fluorine.

Since fluorine quickly combines with most of the metals, the

electrolysis was first carried out in vessels of platinum, which is not

attacked to any considerable extent. It has, however, been since

found that copper also resists the attack of fluorine fairly well, so that

the expensive platinum apparatus is not absolutely necessary.
257. Properties. Fluorine is a gas with a faint, green-yellow-

colour, which recalls that of chlorine but is much less strongly

developed. Its density is not known with great exactness, but it

undoubtedly approximates to the value 38, so that fluorine has the

formula F
2).

similar to that of the other gaseous elements. Its great

reactivity with almost all substances has already been mentioned. In

particular, hydrogen compounds of all kinds take fire in fluorine gas,

hydrogen fluoride being formed with great development of heat.

Most of the metals react violently with formation of fluorides.

The oxygen produced by the action of fluorine on water contains a

large quantity of ozone (p. 123). At - 187 fluorine passes into the

liquid state, and solidifies at - 223.
258. Hydrogen Fluoride. Hydrogen fluoride, HF, is obtained,
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in accordance with 'the general scheme (p. 233), by the action of other

acids on the naturally occurring metal compounds of fluorine, the salts

of hydrofluoric acid. As it is readily volatile, it can be separated by
warming. In practice the already mentioned fluor-spar, the calcium

salt, and sulphuric acid are employed.
Since hydrofluoric acid has the property of attacking glass, vessels

of lead or of platinum must be used in its preparation. For manufac-

turing purposes the former metal is sufficient, but for scientific purposes
the latter must be employed where contamination with lead must be

avoided. Fluor-spar and sulphuric acid are mixed and warmed

moderately in a retort made of the above material. Hydrofluoric acid

distils over, and as the pure acid boils as low as 19, it can be liquefied

by means of an ordinary freezing mixture.

Anhydrous hydrogen fluoride finds no application, but the aqueous
solution does. As a rule, therefore, a suitable quantity of water is

placed in the receiver in which the hydrogen fluoride can be absorbed,
and in this way a solution is obtained, containing 40 to 50 per cent of

hydrogen fluoride, which fumes strongly in air. On distillation, hydro-
fluoric acid behaves exactly like the other halogen hydracids ;

the con-

stant boiling solution contains 35 per cent of acid and boils at 120.
The solution cannot be kept in glass vessels, as these are quickly

dissolved. Where platinum vessels are too expensive, as in the case

of the technical applications, gutta percha is used. This is an organic
substance obtained from the lacteal fluid of certain tropical plants, and
is very resistant to hydrofluoric acid. Wax, resin, paraffin, and similar

substances also resist the acid fairly well, a fact which is of importance
for its application.

The use of hydrofluoric acid depends essentially on the fact that

it attacks and dissolves glass and similar substances, which contain

silicic acid (p. 95). It is used, therefore, on the one hand, for etching

glass, and, on the other hand, for the purpose of dissolving compounds
of silicic acid for analysis. The chemical reactions which take place
here will be discussed under silicic acid.

Care must be observed in working with hydrofluoric acid, as its

vapour is very injurious, and the acid solution, if it touches the skin,

causes painful wounds which heal badly. Washing with ammonia is

a remedy for these. The anhydrous acid is especially dangerous.

Hydrofluoric acid also acts powerfully on micro-organisms.

By measurements of the electric conductivity of aqueous solutions

of hydrofluoric acid, it is found that it is much less dissociated into its

ions than the other halogen hydracids. A normal solution, containing
one mole in the litre, is rather more than 3 per cent dissociated,

whereas the other halogen hydracids are dissociated to 80 per cent.

Hydrofluoric acid is. therefore, a considerably weaker acid than the

others.

In its general behaviour also, fluoridion differs essentially from
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the other halogen ions. With silver solutions it gives no precipitate ;

on the contrary, silver fluoride is readily soluble in water. On
the other hand, calcium fluoride is a sparingly soluble substance,
whereas the other halogens form extremely soluble compounds with

calcium.

259. The Strength of Acids. The new acids which have just
become known to us, give occasion for the discussion of some further

general considerations in amplification of those made on p. 211.

Acids possess a number of common properties which clearly manifest

themselves in the colour reactions with litmus and similar colouring-

substances, and which can also, by means of numerous other reactions,

be quantitatively determined.

This similarity in action is appropriately attributed to the presence
of the same substance, hydrogen. In the first place, now, we found
that the acid properties were by no means exhibited by all hydrogen

compounds ;
all hydrogen, therefore, is not of this nature. The acid

hydrogen is characterised chemically by the fact that it can be replaced

by metals, as has already been explained on p. 212.

It would, therefore, be expected that those quantities of different

acids which contain equal amounts of hydrogen (hence called equi-

valent) would also exhibit

equal acid actions. In

certain respects this is

the case
; thus, such

amounts of different

acids always neutralise

equal amounts of the

same base (p. 213), and
evolve with metals, e.g.

magnesium, equal quan-
tities of hydrogen. On
the other hand there are

other reactions in which
the different acids be-

have differently. For example, on introducing pieces of zinc of equal
size into equivalent solutions of hydrochloric acid, sulphuric acid, and
acetic acid, the metal acts, it is true, on all the acids with evolution of

hydrogen, and the amount of hydrogen which is ultimately evolved is

the same in all cases
;
the velocity, however, with which the reaction

takes place in the different cases is very different. It is greatest in

the case of hydrochloric acid, less in the case of sulphuric acid, and

very small in the case of acetic acid.

These differences can be clearly shown by placing the acids with

the zinc in small flasks fitted with gas-delivery tubes, and collecting
the evolved hydrogen in three cylinders of equal section placed side by
side and standing over water (Fig. 83). The differences are quite distinct

FIG. 83.
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after 5 to 10 minutes if equivalent normal solutions, i.e. solutions

containing 1-01 gm. hydrogen in the litre, are used. In order to be

independent of impurities which may be present in the zinc, and which
can cause a difference in the evolution of gas, equal quantities of a

dilute solution of copper sulphate are added to each of the solutions.

The evolution thereby becomes rapid and uniform, and the collection

of the gas is not begun until somewhat later.

Parallel with these, there run other differences which have refer-

ence to the velocity of chemical processes and the equilibrium relations.

In all such cases, several of which will be discussed later, the acids are

arranged in the same order, so that we must conclude that there are

definite differences attaching to the acids themselves and independent
of the nature of the reaction.

260. Difference tin Electrolytic Dissociation. It has been

already mentioned that the acids in aqueous solution are electrolytes,
and conduct the electric current with decomposition. If, now, the

conductivity of equivalent solutions of the different acids be compared, it

is found that in this respect also the acids form the same sequence
as in the case of their last-mentioned properties. Hydrochloric acid

conducts best, sulphuric acid less well, and acetic acid much worse.

Agreement is found in every detail, and is present also in the numerical

values. It follows from this that we are dealing with the operation of

the same cause, and any interpretation of the described relations must
take account of all these properties.

The power of conducting the electric current was attributed (p. 218)
to a special condition of the participating substances, the ionic condition.

In this condition the components exist in a certain degree of independ-
ence of one another, or of freedom, and this finds its expression just
in the power of transporting opposite electricities in opposite directions.

The same independence is proved by the identity of the chemical

reactions of an ion, independently of the presence of other ions (p. 216).

The great differences in electrical conductivity of equivalent solu-

tions of acids, and the corresponding differences in chemical reactivity,

are to be attributed to the fact that not the whole amount but only a

portion of the acid present is in a state of free ions. By this portion
alone the electric conduction is performed, and on it depend the velocity
and the equilibrium in the case of the reactions of the acids. Of the

whole hydrogen of an acid, then, a portion is present in the state of

ions, while the other portion is combined with the anion. Only
the hydrogen which is present in the ionic condition determines the

velocity of the action of the acids on zinc, the different chemical

equilibria, and (in conjunction with the anion) the electrical conductivity.
For this reason, all these different actions are found to vary in a similar

manner with the nature of the acid, and to be proportional to one

another.

The great differences in electrical conductivity can be made very
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clear by placing the solutions in narrow tubes and passing an electric

current through them and through a galvanometer which indicates

milliamperes (Fig. 84). A fairly high potential must be used in

order to lessen, as far as possible, the influence of the secondary
potentials which make their appearance at the electrodes, and which
are due to reactions taking place there. It is best to make the

connection with the electric main, which has usually a potential of 60
to 110 volts, although five or ten accumulators arranged in series,

corresponding to 10 or 20 volts, are sufficient. Under these conditions

the deflection of the instrument is proportional to the electrolytic

conductivity. In the case of equivalent normal solutions of the three

acids mentioned, the ratio of the conductivities is found to be about
1 : 0-5 : 0-012.

The suitable dimensions of the tubes are found from the rule that

with a length of 10 cm., the section must amount to r cm., where n
vn

FIG. 84.

is the potential in volts used, in order that normal hydrochloric acid

shall allow a current of about 100 milliamperes to pass. If the tubes
are increased in length, the section must also be proportionately

enlarged.
The process by which the acids which in the pure state are not

electrolytes split up on solution into ions is called electrolytic dissociation

(p. 225). Different acids undergo this dissociation to different ex-

tents, and the greater the degree of dissociation, the more pronounced
are the acid characters, the

"
stronger

"
is the acid. The strength,

however, cannot increase indefinitely, for it must reach its maximum
when dissociation is complete.

As a matter of fact, measurements of the conductivity have shown
that there is a maximum for the strength of acids which cannot be

exceeded. Hydrochloric acid, even in moderately dilute solutions,

approximates to this maximum, and must, therefore, be designated as

one of the strongest acids. To the same class, belong the other halogen

acids, with the exception of hydrofluoric acid, which is considerably less

dissociated.
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The dissociation of hydrochloric, hydrobromic, and hydriodic acids,

as well as that of all other acids, increases with the dilution. In the

following table there is given the fractional dissociation at the ordinary

temperature (20), the dilution being expressed by the number of

litres in which 1-01 gm. of hydrogen is contained.

Dilution. HC1. HBr. HI. HF. Sulphuric Acid. Acetic Acid.

10 0-95 0-95 0-95 O'lO 0'57 0'013

100 0-98 0-98 0-98 0'26 0'74 0'050

1000 0-99 0-99 0-99 0'59 0'92 0'125

Whereas, therefore, the first three acids change only slightly with

the dilution, the others do so to a large extent, and tend to assume the

value 1, a value which is already almost reached by the former. The
more dilute the acids, the more nearly do they approach one another in

strength.

These relations obey certain laws which we shall not consider,

however, until a later point.

When we speak, therefore, of the strength of an acid, we mean its

dissociation, i.e. the fraction of the total amount which is in the form
of ions. The conception applies, naturally, only to aqueous solutions.

The strength varies also with the temperature and the dilution, but

although the absolute values of the degrees of dissociation are thereby
altered, the order of the different acids remains unchanged.

An approximate measure of the strength of an acid is afforded

by the comparison of its conductivity with that of an equivalent
solution of hydrochloric acid. Since at fairly great dilution, the latter

does not materially fall short of complete dissociation, the conductivity
of the acid referred to hydrochloric acid equal to unity, gives the

fraction of its hydrogen which is in the ionic condition, or the degree
of dissociation of the acid. We have here, it is true, neglected
certain conditions, still these cannot give rise to any considerable

errors.

Of the oxy-acids of the halogens, chloric, bromic, iodic, and per-
chloric acids are dissociated to approximately the same extent as

hydrochloric acid. Hypochlorous acid, on the other hand, is very

slightly dissociated ;
the exact degree of dissociation, however, is

unknown.
261. Actual and Potential Ions. Since hydrion has just

been designated as the substance which manifests the typical acid

reactions, and it has further been shown that in solutions of acetic

acid of moderate concentration only 1 to 2 per cent of the hydrogen
is present in the ionic form, one might suppose that on titrating

with caustic soda the red colour of the litmus would disappear after

this hydrion had been converted to water by the addition of a few

per cent of the equivalent of alkali. This is not the case. On the

contrary, we have seen that the different acids require exactly as
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much alkali as corresponds to their equivalent. For the process
of neutralisation, therefore, it is a question not merely of the hydrion
but of all the acid hydrogen, whether it is present as ion or not.

This apparent contradiction is removed when we consider more

carefully what is the course of this process of neutralisation. On
addition of caustic soda, the ions H" and OH' in the first place act

on one another and form water. There exists, however, a chemical

equilibrium which depends on the proportions of the participating sub-

stances, between the portion of the acid which has passed into ions

and the undissociated portion. If one of the substances is removed,
that reaction must immediately take place by which it is again

replaced. In proportion, therefore, as the hydrion is removed by
combination with the hydroxidion, a fresh amount must be produced
by the dissociation of the still undissociated portion. This new
formation can take place as long as there is undissociated acid present,
but when this is used up the hydroxidion will no longer be found,
and the blue colour of litmus must appear.

Now, all processes between ions proceed, as experience shows, so

quickly that it has hitherto never been possible to measure their

velocity. In the case of our experiment, therefore, we see only the

final result, and on titration with caustic soda we do not obtain the

amount of hydrion present at the particular moment, but the amount
of all the hydrion that can be formed from the substances present ;

not the actual amount of the ions, but the potential.

The same holds for the action of the metals, e.g. zinc, on the acids,

where the total amount of the possible hydrion is ultimately evolved
as hydrogen gas. In this case, however, the velocity is measurable,
and it is found to be all the greater, the greater the concentration of

the hydrion actually present. The same is found in all processes
which depend on hydrion and which proceed with measurable

velocity.
The question as to the conditions under which only the actual,

and under which the potential ions are to be considered, can be
answered to the effect that the former are all-important when the

amount of the ions present is unaltered, or is altered only in an

incomparably slight degree, by the process. If, however, the -process
is of such a nature that ions are removed by it, and that it continues

as long as ions of the particular kind are present, it will depend on
the total amount of all possible ions. By means of this rule each

separate case can be decided.

Thus, the precipitation of chloridion by silver solution is,

evidently, a process which gives the amount of the potential ion.

When the silver is present in sufficient amount, the process does not

cease until all the chloridion, not only that present at the beginning,
is exhausted. For the chloridion is removed from the solution by the

precipitation of the silver chloride in the solid state, and the process
T
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can continue so long as chloridion can still be formed from the

undissociated chloride present.
The determination of the electrical conductivity, however, gives

information only as to the amount of the ions really present or the

actual ions, for by such a measurement no ions, or only a vanishingly
small amount of ions, are used up.

From this it is clear that in order to measure the state of

dissociation or, generally, the concentration of any ions, only those

processes are directly applicable by which the amount of the ions

is not or is only very slightly altered.

262. The Dissociation of Salts. Whereas in the case of the

acids, and, as we shall find later, to a certain extent also in the case

of the bases, great variety exists in the degree of dissociation, all

possible values, in fact, occurring, the behaviour of the neutral salts

is much more uniform. Almost all these are dissociated to a fairly

large extent, and only in quite exceptional cases are salts found which

exhibit deviations in this respect.

Except in these special cases, therefore, it will not be necessary
in the case of chemical reaction between salt solutions to refer

specially to the state of dissociation. The actual conditions will be

represented very closely if we assume that all the salt present is dis-

sociated into its ions, and that the reactions take place exclusively
between the ions.

An important conclusion which can be drawn from this is that

when different salt solutions are mixed with one another, the liquid

thus produced will always be of the same nature, if it contain the

same ions in the same amount, no matter what the arrangement of

these ions was in the salts used for the preparation of the solution.

A mixture of equivalent amounts of sodium chloride and potassium
Iodide can in no respect be distinguished from one prepared from the

corresponding amounts of potassium chloride and sodium iodide.

Further, since the state of the substances present is not altered by
mixing the two solutions for the substances were present as ions to

start with and are so also after the mixing none of those processes
take place by which the occurrence of chemical change is characterised.

There occurs no change either of the temperature or of the volume or

of the colour, etc., and the properties of the mixed solution are simply
the sum (rightly formed) of the properties of the components of the

mixture.

Where a deviation from these rules is found, it is a proof that

the assumption made is no longer correct, but that there can be

formed from the ions present one or several salts which are dis-

sociated to a much less degree into ions.

Again, new conditions arise when a salt can be formed which

separates out in the solid state under the existing conditions. Since

the solid salts are not dissociated, those phenomena which accompany
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a chemical process must forthwith appear, i.e. there is development or

absorption of heat, and all the other properties also undergo a sudden

change.
These relations can be demonstrated by mixing solutions of

sodium chloride and potassium iodide previously brought to the

same temperature. No change of temperature is indicated even by
a very sensitive thermometer. So soon, however, as one of the salts

is chosen so that a precipitate can be formed (e.g. potassium iodide

and lead nitrate, or sodium sulphate and barium chloride), an appreci-
able rise of temperature occurs on mixing.

263. Hydrolysis. In the case of the salts of weak acids a special

phenomenon is met with. On testing a solution of sodium hypo-
chlorite (p 232), for example, with litmus paper, it is not found to be

neutral, like sodium chloride or a similar salt, but the solution is

distinctly alkaline, i.e. the presence of hydroxidion OH' is indicated.

The explanation of this is as follows :

A weak acid is one in which the dissociation into hydrion and
the corresponding anion is slight. When, therefore, the two kinds

of ion come together, they will for the most part combine until one

of them (or both) has almost disappeared.

If, now, we have an aqueous solution of the sodium salt of a very
weak acid, the anion of the acid is present in large amount. In this

case, a very small quantity of hydrion is sufficient to establish the

equilibrium ; and if more hydrion is present, the greater part of it will

combine with the anion until its amount has so far diminished that

the condition of equilibrium can exist.

In the aqueous solution, now, hydrion is present because water is

dissociated, although only slightly still in measurable amount, into the

ions hydrion and hydroxidion (p. 218). This small concentration is

greater than corresponds to the equilibrium with the ion CIO'.

Hydrion, therefore, will unite with this to form undissociated HC10.

By this process, however, the equilibrium between the ions of water is

disturbed, further amounts of water must dissociate into hydrion and

hydroxidion, and these processes will go on till all the substances are

in equilibrium.
The result of these processes is the disappearance of a certain

quantity of hydrion which has been used for the formation of HC10
and the formation of a corresponding amount of hydroxidion. This

cannot unite with the sodion, because sodium hydroxide is a strongly

dissociated electrolyte, but remains in. the free state. A solution,

however, which contains hydroxidion reacts alkaline, and this, indeed,

is what the solution of sodium hypochlorite does.

At the same time a certain amount of the undissociated compound
HC10 has been formed, and this, we know, is volatile (p. 234). The

solution must, therefore, smell of hypochlorous acid. This also is a

general peculiarity of the hypochlorites.
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The above considerations will, evidently, preserve their validity
in all cases where we are dealing with salts of strong bases and weak
acids. The phenomenon is known as hydrolysis, since it is a case of

decomposition with the co-operation of water, and the general rule can
be stated that hydrolysis will always occur when the salt of a weak acid

with a strong base is dissolved in water. The behaviour of the solution,

also, can be characterised by saying that the acid and the base have
not neutralised each other completely, so that the reactions both of

the base and of the free acid can be observed side by side.

Similar conditions also apply to the salts of weak bases.

These are also hydrolytically dissociated and, for a corresponding
reason, react acid. At a later point we shall have an opportunity
of returning to this.

Hydrolytic decomposition differs essentially from electrolytic dis-

sociation (p. 224). The latter occurs in the case of all salts, and

especially in the case of those of the strong acids and bases
;

but

hydrolysis is possible only when the acid or base, or both, .are weak,
i.e. slightly dissociated in solution.

264. General Remarks on the Halogens. The four elements

fluorine, chlorine, bromine, and iodine form a natural family of

similar elements, whose properties, in the widest sense of the term,

generally follow the same order as the combining weights. In the

first place, the numerical values of these fundamental magnitudes
exhibit a definite relation to one another. On placing them together
and taking the differences, we obtain the following :

Difference.

Fluorine 1 . 19
Chlorine . . 35'46 16'46
Bromine . . 79'92 44'56
Iodine . 126-92 47-00

The differences between chlorine, bromine, and iodine are almost equal,
but the difference between fluorine and chlorine shows a marked
deviation.

In accordance with this, the elements chlorine, bromine, and iodine

form a group of more closely related elements, from which fluorine,

in its whole behaviour, is comparatively far removed.

The physical properties of the free elements form the same regular
series as the combining weights. Fluorine is a- gas which is difficult

to liquefy, chlorine can be easily liquefied, bromine is liquid under

ordinary conditions, and iodine is solid. The density of the elements

in the liquid state and, as may be at once added, the densities of

corresponding compounds in the liquid or solid state, also stand in

the same order.

All halogens form acids with one combining weight of hydrogen.
Of these, that of fluorine is medium strong, while those of the other

halogens are very strong. The heat of formation of the dilute acid
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decreases regularly as the combining weight increases, and in the same

way the difference of energy between the free element and the corre-

sponding ion diminishes
;
the tendency to ion formation is very great

in the case of fluorine, but in the case of iodine it has already become

very slight. The lighter halogen, therefore, always displaces the

heavier from its salts, i.e. the lighter halogen passes into the ion form

and the heavier into the elementary state.

With the metals, also, the halogens form compounds which possess
similar composition. Thus, if a chloride, say, contains two combining

weights of chlorine, the same number is found in the case of the

bromide, the iodide, and the fluoride. This follows at once from the

composition of the acids, which, on account of their containing the

same number of combining weights of hydrogen, are able to neutralise

the same quanities of the different bases.

In their behaviour towards oxygen, the order of the halogens is

reversed. Fluorine gives, so far as known, no compound with oxygen ;

the oxygen compounds of chlorine can be prepared, but have slight

stability ; likewise, also, the bromine compounds ;
and the iodine com-

pounds are the most stable. In this case, it is true, we do not have

such complete regularity as in the other cases, for the compounds of

bromine are less stable than those of chlorine ;
in this respect, there-

fore, chlorine stands between bromine and iodine, instead of bromine

being between chlorine and iodine.

With regard to these irregularities, however, we should remember
that the relations we have just mentioned depend on the temperature,
and alter to an unequal extent when this is changed. It is, therefore,

very possible that at other temperatures the usual order would again

obtain, and that this apparent irregularity is only the outcome of a

farther-reaching regularity which at present escapes our discernment.

The relation we have met with here, that the elements can be

arranged in groups of similar substances, will be frequently found

again. In all these cases the law is repeated that the properties of

such elements and of their corresponding compounds can be arranged
in the same way as the numerical values of the combining weights, so

that the latter are found to be the basis of the systematic treatment of

the properties both of the elements and of their compounds.
It is true, however, that on attempting to introduce numerical

relations in place of the mere order of arrangement, we encounter

great difficulties. The chief cause of these is that the properties

undergo alteration to varying degrees with varying conditions (e.g.

with change of temperature), so that the relations which exist under

certain conditions become different when we pass to other conditions.

Simple numerical relations can exist only in those cases where the

magnitudes are unaffected by any condition (as, for example, in the

case of the law of the combining weights), or where the influence of

the conditions is the same in all comparable cases (as in the case
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of the law of gaseous volumes). In all other cases numerical

relations which shall at the same time be exact and simple cannot be

expected, and if they are observed in any one case, it will, in general,
be a mere chance.

235. Thermochemistry of the Halogens. In accordance with

the example given in the case of chlorine (pp. 227, 248), the thermo-

chemical relations of the other halogens can be investigated. The

following table gives a clear summary of the determinations and
calculations :

Heat of Formation. Fluorine. Chlorine. Bromine. Iodine.

Hydracid, gaseous 161 kj 92 kj 35 kj
- 26 kj

dissolved in water 205 164 118 +55

Oxy-acid HAO, in solution 125 109

HAO 3 100 51 234

HA04 161 199

In the above calculations, the elements are assumed to be in the

state in which they exist at room temperature, viz. chlorine gaseous,
bromine liquid, iodine solid. The existing differences are not greatly
altered by recalculating the numbers to the gaseous state.

HCat f
C*u

l

Soda
n With

Fluorine. Chlorine. Bromine. Iodine.

Hydracid 68 kj 57 kj 57 kj 57 kj

Oxy-acid HAO 42 42

HA0 3 58 58 58

,, HA04 59

(All the substances are dissolved in much water.)

A consideration of the above numbers shows that the behaviour of

the corresponding halogen compounds is somewhat different in the

three groups. Whereas the heat of formation of the hydracids, both

in the gaseous state and in aqueous solution, shows a marked decrease

from fluorine to iodine, the heat of formation of the oxygen compounds
of iodine is. in all cases greater than that of the corresponding chlorine

compounds. Bromine, however, does not stand in the middle, but its

numbers are smaller than those of chlorine and iodine.

Another picture is presented by the heats of neutralisation of the

halogen hydracids. Whereas these are equal for hydrochloric, hydro-
bromic, and hydriodic acids, hydrofluoric acid has a considerably higher
value. The equality of the numbers in the case of the former acids

is due to the fact that these are, to a large extent, dissociated into

ions in the dilute aqueous solutions used
;

the heat of neutralisation

is, therefore, equal to the heat of formation of water from its ions

hydrion and hydroxidion, as was shown on p. 227. The greater heat of

neutralisation in the case of hydrofluoric acid is connected with its

slight dissociation in aqueous solution (p. 270), and, indeed, it can be

concluded that the dissociation of hydrofluoric acid into its ions takes

place with evolution of heat. For we can regard the neutralisation of
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this acid by caustic soda as if the acid first dissociated into ions and
the hydrion then combined with the hydroxidion of the soda to form

water, while the fluoridion and the natrion remain side by side in the

solution, in accordance with the circumstance that sodium fluoride,

being a neutral salt, is, in aqueous solution, dissociated to a large
extent into ions (p. 274). The total heat evolution consists, therefore,

of the heat of dissociation of the hydrofluoric acid and of the heat of

formation of water from hydrion and hydroxidion. The latter reaction

gives a heat development of 57 kj ;
the excess, 68 - 57 = 11 kj, is, there-

fore, the heat developed in the dissociation of hydrofluoric acid into

ions. 1

On comparing the heats of formation of the halogen hydracids with

the known chemical reactions which occur between these and the free

halogens, it is found that there take place between them those reactions

which are accompanied by an evolution of heat. Thus chlorine dis-

places bromine and iodine from their hydrogen compounds, and, in

aqueous solution, an amount of heat equal to 164-118 = 46 kj and

164-55 = 109 kj is set free. Very nearly the same evolution of heat

is found in the case of the salts of the halogens, because the heats of

neutralisation of the three acids with most bases are equal, and their

influence is, therefore, cancelled.

Similar relations can frequently be observed, and have given rise

to the idea that one can predict the direction of the corresponding
chemical reaction from the sign of the

"
heat effect," by which term

there is understood both the development and the absorption of heat.

Such a theorem would contain the assumption that only those chemical

reactions can take place which develop heat.

Now, although, as a matter of fact, the majority of the known
chemical reactions take place with development of heat, there are not

a few known in which the opposite, the absorption of heat, occurs, so

that the temperature of the reacting substances falls spontaneously.
The attempts to attribute the absorption of heat in such cases to

secondary reactions or to changes of the physical state have failed, for

the difference between primary and secondary reactions is just as

arbitrary as that between physical and chemical changes of state. On
the contrary, the conclusion was unavoidable that such a theorem

cannot be established, since it is in contradiction to the facts.

If we recall the statements made on p. 236, we see that it is the

difference of the free energy that determines a chemical reaction. The

differences of the heats of formation, however, are a measure not of the

changes of the free but of the total energy. For this reason, direct

conclusions cannot be drawn from the one set of figures with regard to

the other set.

1 Since the hydrofluoric acid is somewhat dissociated, and also the sodium fluoride

contains some uudissociated salt, this number does not give the whole amount for a

mole, but only a part. This circumstance changes somewhat the numerical value of the

result, but not its general character.
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So far, however, as determinations have been possible, the differ-

ences between the free and the total energy are, in general, not great.
One may conclude, therefore, with a certain degree of probability, that

in those cases where the differences of the total energy are large, the

corresponding differences of the free energy will have, if not the same

value, at least the same sign. With this reservation, it will certainly
be possible to draw conclusions as to the direction of the reaction from
the sign of the heat of the reaction. In all cases, however, in which
the heat of reaction is small, the conclusion becomes doubtful.

One case in which a reaction takes place spontaneously with

absorption of heat, can be at once discussed on the basis of the table

on p. 278. On adding a solution of hydrochloric acid to a solution of

sodium fluoride an absorption of heat of 10 kj occurs. This is due to

the fact that in this case the ions of hydrofluoric acid, fluoridion and

hydrion, come together. Hydrofluoric acid, now, is slightly dissociated

in solution
;

its ions, therefore, must combine whenever they come

together. This combination, however, is accompanied by an absorp-
tion of heat, for the dissociation of hydrofluoric acid into its ions,

as we have just seen, develops heat. Since the other ions, viz.

chloridion and natrion, remain unchanged in the experiment, no other

causes of a heat effect exist, and the reaction takes place, as observation

shows, with absorption of heat.

Since in this reaction undissociated hydrofluoric acid is chiefly

formed, the process was formerly interpreted as if the
"
weaker hydro-

fluoric acid is displaced from its compound with sodium by the stronger

hydrochloric acid." As the above consideration shows, the impelling
cause lies not so much in the hydrochloric acid as in the hydrofluoric

acid, the slight dissociation of which conditions the reaction. This

can, it is true, take place only in the presence of a
"
strong

"
acid, for

such an acid is one that is to a large extent dissociated into its ions,

and only such an one, therefore, can yield the requisite amount of

hydrion.



CHAPTER XV

SULPHUR AND ITS COMPOUNDS

A. Sulphur

266. General. The solid, yellow, easily fusible and combustible

substance well known by the name of sulphur is an element in almost

the pure state. It occurs fairly widely distributed in nature in the

form of elongated octahedral crystals of a honey-yellow colour. The
occurrence of sulphur is especially connected with volcanic phenomena.
The whole consumption of sulphur in Europe has for a long time been

supplied by Sicily. At the present day large quantities of free sulphur
are also obtained from compounds of sulphur which are exceedingly
abundant in nature.

267. Forms of Sulphur. The sulphur of commerce has the

appearance of slightly conical rods, the form of which is due to the

fact that the liquid sulphur has been poured into wooden moulds and
allowed to cool. If a stick of sulphur be broken, cavities are frequently
found in the interior lined with crystals. These have a different

appearance from the naturally occurring sulphur, for they exhibit

oblique, prismatic forms which have no similarity to the octahedra of

the native sulphur. On closer examination, however, they are found

to be pseudomorphs, i.e. crystals having only the external shape but not

the inner character of this crystalline form.

The fact is that sulphur is capable of existing in several different

solid forms. If it be allowed to crystallise at temperatures of 100 or

over, it forms the oblique prisms mentioned above. If, however, it

crystallises at low temperatures it appears in the same octahedral

forms as the naturally occurring sulphur.
268. Crystallisation from the Fused Mass. These phenom-

ena can be readily observed by melting a fairly large quantity of

sulphur, say 1 kilogm., by gentle heating ;
fusion takes place at 120.

If the liquid be now allowed to cool, the temperature falls most rapidly
at the sides of the vessel and at the surface. In these regions crystals
are formed and grow inwards into the central, liquid portion. If,

281
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after a short time, the surface crust of solid sulphur be broken and
the liquid portion poured out, the crystals which have been formed
will be exposed and a large number of them will be found on breaking
the mass of sulphur.

For a short time after they have been formed, these crystals are

of an amber-yellow colour and can be bent slightly without breaking.
On the following day, the appearance of the crystals has considerably

changed ;, they have assumed the lemon-yellow colour of the ordinary
roll sulphur and have become brittle.

269. Crystallisation from Solution, If, on the other hand,

sulphur be dissolved in a suitable solvent, the best being carbon

disulphide (p. 258), and the liquid be allowed to evaporate, crystalline

sulphur also separates out. This, however, has the octahedral forms

of natural sulphur and undergoes no change on being kept at room

temperature.

If, however, the octahedral sulphur (natural or artificial) be heated

to temperatures of over 100, without being melted, it also becomes

cloudy and brittle.

270. The Regions of Stability. The above phenomena are due
to the fact that to each of the two forms of sulphur there corresponds
a range of temperature in which the one form is stable, but in which
the other form is unstable and is converted into the former. The

range of the octahedral sulphur extends from low temperatures up to

98, that of the prismatic sulphur from 98 to 120, its melting point.
Below 98, prismatic sulphur is unstable and passes into octahedral

;

above 98, octahedral sulphur is unstable and passes into prismatic.
These relations show a very great similarity to the reciprocal trans-

formation of ice and water, or, generally, to fusion and solidification.

As in those cases so also in the present, there is a temperature above

which only the one form, and below which only the other form, is stable.

On passing this point, therefore, the one form passes into the other,

and only at this one temperature can the two forms exist together.
271. Influence of Pressure on the Point of Transition.

Considering that we are dealing here with a single substance we shall

expect, in accordance with the phase law (p. 198), that there will be

only one temperature and one definite pressure at which three phases
can exist side by side. At 98, these phases are octahedral sulphur,

prismatic sulphur, and sulphur vapour. If we exclude the vapour,
the presence of which determines a definite, very small pressure, the

temperature of equilibrium of the two forms of sulphur varies with the

pressure. The temperature of transition, indeed, is raised by pressure,
because the prismatic sulphur occupies a larger volume than the

octahedral. However, as in the case of ice and water (p. 58), a very

great pressure is here necessary in order to effect a slight shifting of

the temperature of equilibrium. For the rest, the two forms of sulphur
behave as two independent substances. Not only the crystalline forms,
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but also the density, the power of refracting light, the melting point,
and all other properties, are different. The density of prismatic sulphur
is 1-96, that of octahedral, 2-07.

The prismatic crystals obtained from the fused sulphur, have,
when they become opaque, the density 2-07, the density of the

octahedral form. This is the simplest proof that they have really
become converted into octahedral sulphur. We have the reverse

phenomenon in the case of the octahedral sulphur transformed by
heating.

272. Suspended Transformation. Just as water can be cooled

below without solidifying to ice, the temperature of transformation

of the two forms of sulphur can be overstepped from both sides. If

octahedral sulphur be rapidly heated, it melts at 115, which is its true

melting point. If, however, it be slowly heated, so that it has time to

undergo transformation, fusion is observed at 120, the melting point
of prismatic sulphur.

273. Enantiotropy and Monotropy. A comparison of the

behaviour of the two forms of sulphur here described with the two
chlorides of iodine (p. 265) reveals an essential difference. Whereas
in the case of the chlorides of iodine, only the one form is stable and
the other is unstable, in the case of sulphur both forms are stable,

each one being stable in its own range of temperature and unstable in

the range of temperature of the other.

The difference lies in the fact that in the case of sulphur the melt-

ing point of the more readily fusible form is above the temperature of

transition at which the stability of the two forms changes, whereas in

the case of the chlorides of iodine the less stable form melts before

the temperature of transition is reached.

Substances like iodine monochloride, which can undergo transforma-

tion only in one direction, are called monotropic, and those which, like

sulphur, can change in both directions, enantiotropic.

274. Other Forms of Sulphur. Other crystalline forms of

sulphur, differing from the two already described in form and in other

properties, can be obtained by strongly heating small quantities of

sulphur and allowing it to cool rapidly. They are, however, all un-

stable with reference to the octahedral and prismatic sulphur, and,

according to the temperature, pass into the one or other of these. In

respect of these forms, therefore, sulphur is monotropic.

We need not here describe these forms in greater detail, as they
are only of rare occurrence.

Sulphur has also been known for a long time in the form of flowers

of sulphur and milk of sulphur. These two kinds of sulphur are not

special forms in the scientific sense, but represent only peculiar states

of division of sulphur and consist chiefly of octahedral sulphur, at least

after being kept some time.

Flowers of sulphur is produced in the distillation to which sulphur
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is subjected for the purpose of purification (p. 288). So long as the

condensing chamber is cold, the vapours on falling down solidify in

small crystals, and sulphur is obtained in the form of a yellow powder
which has been known from the time of the alchemists as flowers of

sulphur. The powder almost always contains, however, small quantities
of amorphous sulphur.

By the name milk of sulphur there is denoted a very finely divided
form of sulphur which is precipitated from aqueous solutions in

certain reactions. These processes will be described later. In this

way sulphur is obtained in such a fine powder that its yellow colour

becomes almost invisible, and it emits almost entirely white surface

light (p. 10). On account of its finer state of division and corre-

spondingly large surface, this form of sulphur more readily undergoes
chemical change ;

on this fact depends the application of milk of

sulphur in medicine. Milk of sulphur does not differ chemically from

ordinary sulphur.
275. Liquid Sulphur. As already mentioned, prismatic sulphur

melts at 120
;

it thereby changes into a light yellow, mobile liquid

which, on cooling, solidifies at once to prismatic sulphur. In small

drops, however, and by excluding particles of solid sulphur, liquid

sulphur can be strongly supercooled. It then exhibits properties quite
similar to those of supercooled water.

If the melted sulphur be further heated, it exhibits very remark-
able phenomena. Whereas, in general, with rise of temperature, the

internal friction of liquids decreases, we find the opposite behaviour
in the case of liquid sulphur. The higher the temperature rises,

the more viscid does it become. At the same time it becomes
darker in colour, and at 250 it passes into a dark red mass, which
is so viscous that the vessel may be turned upside down without it

running out. On further heating, the mass again becomes more

liquid, without, however, losing its dark colour. At 450 the

sulphur is again quite liquid and boils, passing into a red-brown

vapour.
The heated sulphur, on being allowed to cool, again passes through

all these conditions in the reverse order
;

it first becomes viscid, then

liquid again and light in colour, and solidifies, finally, in prismatic

crystals.

276. Amorphous Sulphur. Strongly heated sulphur behaves

quite differently on being rapidly cooled, as e.g. by pouring it into

cold water. It then assumes a viscid character like that of elastic

or india-rubber, and is called amorphous sulphur.
This designation denotes that the sulphur in this form is not

crystalline although it exhibits, to a certain extent, the properties of

a solid body. On the other hand, it can be regarded as a liquid with

great internal friction. This view is supported by the fact that amor-

phous, solid substances, on heating, exhibit a continuous transition into
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the liquid state
;
no definite melting point can be observed, but the

internal friction continuously decreases. All the other properties also

change continuously, until a state with the characteristic properties of

a liquid is produced.
The amorphous, viscid sulphur does not remain in this condition

at ordinary temperatures. After some days, sometimes also only after

a fairly long time, it changes into an opaque, brittle mass which, from
its density, proves to be octahedral sulphur.

We must conclude from this that at ordinary temperatures the

amorphous sulphur is a less stable form than the octahedral. As a

matter of fact, the latter is the only form of sulphur which is stable at

room temperature ;
all the other forms, of which there are several

besides those already mentioned, pass in course of time into octahedral

sulphur. This is, accordingly, the only form which is found in nature.

The fact that the rapidly cooled sulphur does not immediately pass
into that form which is stable at the existing temperature, but that it

first assumes a less stable form, is a special case of the general law that

when changes of state take place those forms are usually produced
which are the least stable of the forms possible under the existing con-

ditions (p. 235). The forms first produced afterwards change into the

more stable ones, when this becomes possible. The velocity of this

transformation varies greatly, and the transformation may take place
in the fraction of a second or may last for years or centuries. The

changes in the properties of liquid sulphur with the temperature, which
have been described, lead to the conclusion that sulphur, in the liquid
as in the solid state, can assume different allotropic forms. Indeed

the peculiarities of liquid sulphur, which have just been described, can

be explained by the fact that the liquid consists of two different portions ;

a light-yellow portion which, on cooling, yields crystalline sulphur, and
a dark-brown portion, which does not crystallise on cooling. The former

yields a crystalline form of sulphur which is soluble in carbon disulphide ;

the latter, an amorphous sulphur insoluble in carbon disulphide. The
viscous or amorphous sulphur obtained by sudden cooling, likewise

consists of the two forms, and the higher the temperature employed,
the greater is the proportion of amorphous sulphur formed. When the

sulphur is cooled down, the reverse transformation takes place, but

with comparative slowness.

On the basis of these facts the numerous peculiarities exhibited by
sulphur on being heated find a satisfactory explanation, and it is

remarkable that it is only by means of the general views which have

been gained in recent years that the century-old riddle has been

solved.

277. Experiments. On account of the variety of its forms,

sulphur is specially well adapted for a study of the reciprocal relations

and conditions of stability of different forms of the same substance.

These relations can be observed in a very instructive manner by intro-
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ducing a small piece of sulphur into a tube about 2 cm. wide,

exhausting the tube, and sealing it off.

On slightly heating the spot where the sulphur is situated, the latter

gives off vapour, and on the colder parts of the tube drops (not crystals)
of sulphur are deposited, although the temperature is there much below
the point of solidification of sulphur. The less stable, liquid form,

therefore, is first produced.
If the tube be allowed to remain in this state for some hours and the

deposit of drops be examined with a lens, the following appearance is

found. Many of the drops still remain liquid, as can be seen from their

transparency ;
others have solidified to crystals. Where a crystal has

formed, it is quickly encircled by a clear ring, the surrounding drops

disappearing. This is due to the fact that the vapour pressure of the

crystallised sulphur is smaller than that of the liquid at the same tem-

perature. For the crystalline form is the more stable of the two, and

must, in accordance with the considerations put forward on p. 60, also

have the smaller vapour pressure. Sulphur distils, therefore, from the

drops to the crystals, and the former disappear from the neighbourhood.

Occasionally, also, other regions are seen in the tube where no

crystal has formed, but where, nevertheless, the formation of a
"
halo

"

is found. On closer examination of such a spot, it is seen that the

centre of the clear space is occupied by a drop which is larger than those

surrounding it. In accordance with the reasoning just applied, we
must conclude that larger drops of sulphur have a smaller vapour

pressure than small ones. This also is the case, and follows from

perfectly similar considerations.

Thus, on bringing two drops into contact, they unite with a certain

force and form a single drop. This union takes place in consequence
of the surface tension of the liquids, by virtue of which a liquid tends

to assume that shape which has the smallest possible free surface.

In the case of large masses of liquid, the surface tension is

small compared with the influence of gravity ;
in the case of small

quantities of liquid, however, it is the determining factor and is the

cause of the spherical shape of the drops.

Now, the surface of the sphere formed by the fusion of two drops
is smaller than the sum of the two spherical surfaces before the union.

Since the surface tension tends to diminish the surface, there exists

also the tendency to form a large drop from several small ones. This

tendency exerts itself in all ways in which the object can be attained.

Since it can also be attained by distillation, the cause of the distilla-

tion, viz. the difference of the vapour pressure, must be such that

this tendency is given effect to. The vapour pressure of small drops,

therefore, must be greater than that of large drops, as experiment
also shows.

If the tube with the deposits of liquid and solid sulphur at various

parts be allowed to remain undisturbed for a fairly long time, the
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deposits all disappear, and there is only the large piece of sulphur
seen in the tube, which has now become clear. All the sulphur has,

therefore, distilled over to the large piece. The cause is the same as

before
;

for solid substances also have a surface tension, and, therefore,

there exists the tendency to make the surface as small as possible or

the pieces as large as possible.

For the solubility, exactly the same considerations hold as for the

vapour pressure. If a glass plate, such as is used as an object glass

for microscopic purposes, be held over heated sulphur until a deposit
has been formed on it, and if a drop of water (or of glycerine, to avoid

evaporation) be placed on this and the whole covered with a cover-

glass, exactly the same phenomena of
"
halo

"
formation and the

consumption of the less stable forms by the more stable are observed.

This experiment serves at the same time to demonstrate the solubility
of sulphur in these liquids, a solubility that is so small that it has not

been possible in any other way to measure it.

Applying these considerations to the conditions of transformation

of the octahedral and prismatic sulphur, we can draw the following
conclusions. The solubility of the former in any solvent must,
below 98, be smaller, and, above 98, be greater, than that of the

prismatic. Consequently, the solubility at 98, the point of transition,

must be the same for both forms. All this has been confirmed by
experiment.

Since the considerations on which the conclusions are based are

general, the law can be enunciated for all allotropic forms that the

less stable forms must be more soluble than the more stable, and that

at the point of transition the solubility of the two must be equal.
Useful application of this law can be made, in cases where the trans-

formations are difficult to observe, for the purpose of distinguishing the

stable from the unstable forms.

278. Sulphur Vapour. A similar variety of conditions is shown

by sulphur in the vaporous, as in the solid and liquid form. At tempera-
tures in the neighbourhood of the boiling point, the molar weight of

sulphur vapour is 220
;

the higher the temperature is raised, the

smaller does the molar weight become, until at 1000 it has fallen to

64, and at still higher temperatures it retains this value. These
numbers are for atmospheric pressure. If the vapour of sulphur is

investigated under smaller pressures, it is found that at a given tem-

perature the molar weight is all the smaller the lower the pressure.
This variability also ceases when the molar weight reaches the value

64. Sulphur vapour, therefore, follows neither the law of Boyle nor

that of Gay Lussac, and only when the molar weight has become

equal to 64 does it behave in accordance with these laws.

A similar behaviour has already been met with in the case of iodine

(p. 258), and the same interpretation of the phenomena can be applied
in this case, i.e. the vapour of sulphur exists in several forms with
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different molecular weights. Since the combining weight of sulphur
is 32'07, the formula S2 must be ascribed to the vapour which is stable

at the high temperature and low pressure. With regard to the more
dense form, the present case is more difficult than that of iodine, in

so far as no region is known in which the density is constant. Even
at the boiling point of sulphur we are in the region of variable vapour
density. Since the highest observed value of the density amounts
to 230, we can only conclude that the denser vapour contains more
than six combining weights, or that in its formula Sw ,

n is at least

greater than 6. The more exact calculation of the observed densities

leads to the well-founded conclusion that in sulphur vapour there are

present molecules of the composition S
15

S2 ,
S4 ,

S6 and S8 .

From determinations of the molar weight of dissolved sulphur in

different solvents (cf. p. 183), the formula S8 has been found for it.

This agrees with the highest value of the molecular weight of sulphur

vapour.
With reference to the law set forth on p. 261, it follows as a necessity

that on diminishing the pressure the less dense form of the vapour
S2 should be formed at the expense of the more dense S8 . From the

fact also that this transformation is brought about by elevation of

temperature, it can be concluded that the transformation from S8 to

S2 takes place with absorption of heat.

279. Purification of Sulphur. Use is made of the changes of

state which sulphur undergoes, for the purpose of purifying it. As
found in nature, it is usually mixed with other minerals, clay, and sand.

In Sicily, the sulphur ore is piled up in a heap furnished with air channels,

like the wood pile for the burning of charcoal, and is set fire to. The
heat produced causes the sulphur to melt, and this flows away in a

fairly pure condition, leaving the difficultly fusible impurities behind.

By this method a loss of sulphur is incurred owing to the combustion

of a portion of it, but this is by far the cheapest means of generating
the heat necessary for the melting of the sulphur.

To free completely the already fairly pure sulphur so obtained

from all non-volatile impurities, it is distilled from iron retorts, and the

vapours are led into large chambers of mason work. At the com-

mencement of the distillation these chambers are cold, and the

sulphur vapours condense to a fine powder of sulphur particles.

These are, at first, amorphous (cf. p. 284), but soon pass for the

greater part into the crystalline condition. The powder is in most

part collected and is placed on the market under the name of flowers

of sulphur. On continuing the distillation the temperature of the

chamber rises above 120, and the sulphur then collects in it in the

liquid state.

The liquid sulphur can be run off through an opening at the bottom

of the chamber. It is collected in wooden moulds, in which it solidifies

in rods of a slightly conical shape known as roll sulphur.
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B. Crystals

280. General. The two known forms of solid sulphur differ not

only in density and other properties, but also very materially in the

form of their crystals, and the general question arises, therefore, as to

the laws of crystalline form. All the more importance attaches to this

question from the fact that the crystalline form is a property of almost

all solid substances, and constitutes a very important means of describ-

ing and identifying these.

In the first place we draw the distinction between the two condi-

tions of solid substances, the amorphous or formless, and the crystalline

or formed. Since, however, the outward shape can be changed at will,

some other more general characteristic must be sought for by means
of which the two conditions can be distinguished.

The essential nature of crystalline bodies is found in the fact that

their properties vary in a manner depending on the direction in space.
For example, a ball of glass and one of octahedral sulphur, on being

warmed, will behave differently. Whereas the glass ball remains a

sphere, only increasing somewhat in size, the ball of sulphur passes,
on being warmed, into an ellipsoid, the axes of which have a simple
relation to the shape of the crystal from which the ball was cut.

Another example is furnished by the conduction of heat. If a

glass plate be covered with a layer of wax and the point of a hot metal

cone be placed on this, the wax is melted in the form of a circle, because

the heat is distributed equally quickly in all directions. If the same

experiment be carried out with plates cut from crystals, the melting
takes place not in circles but in ellipses whose axes have different

relative lengths according to the position of the plate in the original

crystal, and likewise stand in a definite relation to the shape of the

crystal.

281. The Crystalline Forms. By the name crystal, one is

accustomed to think, in the first instance, of the regular forms which

substances assume on passing into the solid state, and which can so

often be observed in such exquisite beauty in the case of naturally
formed solid bodies. The examples discussed teach that these forms

are merely a definite expression of a much more comprehensive

regularity. The forms are only an expression of the general fact that

in crystals all properties which can be brought into relation with the

direction in space undergo regular variation with this direction. Of

the properties which concern us here, the most important is certainly

the external shape, since it is, on the one hand, the one which first

forces itself on the observation, and, on the other hand, exhibits the

most manifold variety to be met with in the case of crystals.

Crystalline forms have the general property that they are bounded

only by plane surfaces. If one examine, however, a^group of simul-

taneously formed crystals of the same substance, e.g. a cluster of quartz
u
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crystals, it is soon seen that the appearance of the individual crystals

is very varied, the outlines of the bounding planes being quite
different. All the same, these various crystals (Fig. 85) preserve a

certain relationship of form, which at once forces itself on one's notice.

Closer investigation shows that although the outline and the size

of the faces which bound the crystals change, it is always possible so

to place the different crystals that to every face of the one there stands

a face of the other parallel to it. From this it follows that the angles
at which the various corresponding faces of two crystals meet, are

always the same. Owing to one or other of the faces being formed

relatively near to or relatively far from the middle point of the crystal,

the faces cut one another differently, but the angles between them
remain the same.

Further, a cursory examination shows that the crystals are

symmetrical structures. By this there is understood that different faces

occur in a crystal, which are similar to one another and are repeated

FIG. 85.

in a regular manner. Thus, for example, the snow crystals figured on

p. 158 have the property that each may be regarded as consisting of three

similar parts arranged round the centre at angular distances of 120.

282. The Symmetry of Crystals. All the regularities exhibited

by crystals can be deduced on the basis of the conception of symmetry.
Three kinds of symmetry are to be distinguished. The first is

that which exists between an object and its mirror-image ;
the plane of

the mirror is called the plane of symmetry of the structure.

A second kind of symmetry arises by rotating an object round a

definite axis through an angle equal to a simple fraction of the total

rotation, and repeating the rotation until the object again reaches its

original position. According as this angle is J, -Jrd, Jth, or Jth of

the total rotation, we speak of a binary, ternary, quaternary, or senary

axis of symmetry. (Other grades, such as quinquenary, septenary, or

higher, are not possible in crystals.)

The third kind of symmetry arises from a combination of the

two just described, by rotation and reflection. If the object is brought
into its next position by a rotation followed by a reflection/ so that

by repeating this process a number of times it again comes into its
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original position, such a structure possesses the third kind of symmetry.
For our studies, it is essentially the first two kinds of symmetry, reflec-

tion and rotation, that are of account.

By using the three kinds of symmetry, or two or one of them, and

by combining them in every possible way, thirty-two different cases

are obtained. All the crystals which occur correspond to one of these

cases, so that by the application of the principle of symmetry a com-

plete system of all possible crystalline forms is obtained.

283. The Seven Systems of Crystals. Into all these cases,

however, we cannot enter, but must content ourselves with the char-

acterisation of seven of the larger groups.
1

Crystals possessing the least symmetry (no element of symmetry
or a binary symmetry of rotation and reflection) are called triclinic.

The simplest form of this is the oblique angled parallelepiped (Fig. 86).

FIG. 86. FIG. 87. FIG. 88. FIG. 89.

Crystals with one plane of symmetry are called monoclinic. The

simplest form is the parallelepiped with four rectangular and two

oblique angled faces (Fig. 87).

Crystals with two planes of symmetry perpendicular
2 to one another

are called rhombic. Their simplest form is a rectangular parallelepiped

(Fig. 88).

Crystals with a quaternary axis of symmetry are called quadratic.
The simplest form is a rectangular parallelepiped with quadratic base

(Fig. 89).

Crystals with a ternary axis of symmetry are called trigonal. The

simplest form is a three-sided right prism (Fig. 90).

1
Owing to the necessity for brevity the chief characteristics of these groups can only

be indicated
; they cannot be described exactly. A clear and accurate description will

be found in Groth's Physikalische Kristallographie (Leipzig).
2 When two planes of symmetry are not at right angles to one another, a third plane

of symmetry is required by the reflection of the one in the other, and by the reflection

of this third, a fourth, etc. If, therefore, more than two planes of symmetry, which cut

in a straight line, are to be excluded, they must be perpendicular to one another.
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Crystals with a senary axis of rotation are called hexagonal. The

simplest form is the six-sided right prism (Fig. 91).

Crystals with three binary axes of symmetry perpendicular to one

another and also equivalent are called regular. By equivalent is meant

FIG. 90. FIG. 91. FIG. 92.

that the crystal always presents the same shape when it is turned so

that its axes of symmetry assume positions previously occupied by
other axes of symmetry. The simplest form of the regular crystals is

the cube (Fig. 92).

284. Derived Forms. Besides the simplest forms just mentioned,
there are many others derivable from them geometrically, which obey

the laws of symmetry valid for

the particular kind of crystal.
The possibilities which arise

are, however, so numerous that

they cannot be treated here.

We shall, however, state a law

which renders their mutual con-

nection clear.

Imagine a large number of

small crystals of one of the

simplest forms mentioned above,
and all of the same size, to be

given. By arranging these in

a rectangular manner, other

forms can be built up. From
a number of small cubes, for

example, the form shown in Fig.

93, which is known as an octahedron, can be built up. It is only

necessary to imagine new planes laid through the corners of the cubes,

touching!these corners, or, what amounts to the same thing, one imagines

FIG. 93.
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the cubes to be so small that the unevenness caused by the re-entrant

angles can no longer be noticed.

The law in question states that allforms occurring in different crystals

of substance can be built up in the manner described from small crystals

of the simplest form, the conditions of symmetry being at the same time

observed.

The law stated here can be expressed mathematically in various

ways. What we have said will be sufficient to show that the crystalline
form of a given substance can be characterised by the statement of

the simplest form.

285. The Other Properties of Crystals. As has already been
mentioned on p. 289, all the properties of crystals which can in any
way become dependent on the direction in space, have a regular orienta-

tion. The question arises, therefore, whether any connection exists

between the external shape of the crystals and the orientation of the

other properties.
The answer is that such a connection certainly exists. It can be

stated thus : The symmetry in the arrangement of the other properties is

always contained in the symmetry relations of the external form.
Let us take, as an example, a chemical phenomenon which readily

occurs in the case of hydrated crystals, viz. efflorescence. This consists

in the water evaporating at different points of the crystal, a compound
containing less water, which can be distinguished from the main

portion by its different colour, remaining behind as a powder. If the

efflorescence is allowed to take place with such precautions as to avoid

the formation of detached spots, it can be established that the regions
of efflorescence assume forms which have the same properties as

regards symmetry as the crystal forms, and the position of which also

corresponds to these forms.

If the crystal is regular, the efflorescence figure is always a

sphere, for in regular crystals there are three planes of symmetry
perpendicular to one another and equivalent. Of the shapes mentioned
as occurring, the sphere and the ellipsoid, the sphere is the only one

through which three equivalent perpendicular planes of symmetry can

be laid.

The crystals of the trigonal, quadratic, and hexagonal systems have

one axis of symmetry in which three, four, or six planes of symmetry
lie. An ellipsoid which can be divided in this way must be a uni-

axial one, i.e. an ellipsoid produced by the rotation of an ellipse about

one of its axes. This axis of rotation must coincide with the axis of

symmetry of the crystal, since it is only in this way that the ellipsoid

can be divided by the corresponding planes of symmetry into from

three to six identical portions.
It is not possible, however, to distinguish tri- tetra- or hexagonal

crystals by the difference of the ellipsoids of efflorescence. For a

uniaxial ellipsoid may contain any number whatever of planes of
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symmetry laid through its axis of rotation. It makes no difference,

therefore, whether there are three, four, or six.

Besides the uniaxial ellipsoid, there is the triaxial. It is pro-
duced by the rotation of an ellipse about one of its axes, the other

axis being lengthened or shortened during the rotation, so that its

ends (and at the same time also all other points of the ellipse)

describe not circles but ellipses. Such a form has three planes of

symmetry, which are determined by the axes of the generating ellipses,

and are perpendicular to one another.

The same symmetry relations are also met with in the case of the

rhombic crystals. It is to be expected, therefore, that the efflorescence

forms of the rhombic crystals will be represented by triaxial ellipsoids,

the planes of symmetry of which coincide with those of the crystalline

form. This conclusion is confirmed in every case by experience.
In the case of monoclinic crystals only one plane of symmetry

exists. Only one of the three planes of symmetry of the ellipsoid,

therefore, can be determined by the crystalline form, and the two

others are indeterminate, i.e. they lie in a manner which is dependent
on the nature of the crystal but not on its form.

In the case of triclinic crystals there is no plane of symmetry. The

ellipsoid of efflorescence is, therefore, entirely independent of the shape.
286. Generalisation. What has just been stated for efflorescence

holds also for many other properties of crystals, viz. for all those

whose arrangement in the crystal can, in the most general case, be

represented by a triaxial ellipsoid. Under this definition come the

transmission of light, of heat, of electricity, the changes of form by
pressure on all sides, and still other properties. The most important of

these is the transmission of light, for the optical properties of crystals

have been subjected to a thorough scientific investigation, and are used

for the identification of the crystalline system in those cases where the

external shape gives no information or no complete information. It

can be stated, generally, that every optical phenomenon in a crystal is

subject to the symmetry relations explained above, and that from'the

observation of the nature of the symmetry of any optical phenomenon
whatever, a conclusion can be drawn as to the crystalline system,
within the limits stated.

C. Sulphuretted Hydrogen

287. The Compounds of Sulphur. Sulphur is capable of forming

compounds with almost all elements, in some cases in very different

proportions. More especially, all metals form with sulphur com-

pounds which have generally a similar composition to the corre-

sponding oxygen compounds, and which are called sulphides. Many
of these occur abundantly in nature and form sources for obtaining
the metals and also sulphur.
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Further, sulphur forms a number of acids with hydrogen and

oxygen, the chief of these being sulphuric acid. The salts of this

acid, the sulphates, also occur widely distributed in nature, and find a

manifold application in the arts and in medicine.

To convince one's self of the power of sulphur to enter into com-

bination, the following experiments may be performed. Heated in

the air, sulphur burns with a blue flame, forming an oxygen compound
with a choking smell, sulphur dioxide. A mixture of sulphur and

iron powder, in the proportion of 4 parts to 7, becomes incandescent

on being slightly heated, the sulphur combining with the iron to form

a black, slag-like mass of iron sulphide. If sulphur be heated to boiling
in a test tube and strips of thin copper-foil be introduced into the

vapour, the copper becomes incandescent and combines with the

sulphur, also forming a black compound. Metallic mercury combines

with sulphur even at room temperature. If 1 part of sulphur be

rubbed together with 6 parts of mercury in a mortar, combination

takes place with formation of mercury sulphide of a deep black colour.

Likewise, silver combines with sulphur even at ordinary temperatures ;

silver coins and other objects of silver rapidly become black in a pocket
in which sulphur matches have lain, the small quantities of sulphur

present combining with the silver.

288. Hydrogen Sulphide. Similarly to chlorine, bromine, and

iodine, sulphur can combine with hydrogen to form an acid, which is

called hydrogen sulphide or sulphuretted hydrogen. At ordinary

temperatures it is gaseous, but can be condensed by pressure and cold

to a liquid which boils, under atmospheric pressure, at - 60-2.

The molar weight of sulphuretted hydrogen is 34
;

it contains 32

parts of sulphur to 2 parts of hydrogen. Since the combining weight
of sulphur is 32, the formula of sulphuretted hydrogen is H2S. Unlike

the halogen hydracids, sulphuretted hydrogen contains two combining

weights of hydrogen replaceable by metals, and in consequence of this

there is an essential difference in the combining power of this acid.

289. Dibasic Acids. If we consider what compounds can be

formed when the hydrogen of the sulphuretted hydrogen is replaced

by metals, e.g. sodium, we find there are two different salts conceivable,

according as only one combining weight or both combining weights of

hydrogen are replaced by metal. Expressed in formulae, we should

expect the compounds NaHS and Na2S. As a matter of fact both

compounds are known.

To distinguish it from the acids which contain only one combining

weight of replaceable hydrogen, which can, therefore, react with only
one combining weight of a base to form a salt, and which are called

monobasic acids, sulphuretted hydrogen is called a dibasic acid.

Generally, a dibasic acid is one which contains in a mole, two com-

bining weights of replaceable hydrogen.
The salts of dibasic acids in which both hydrogens are replaced
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by metals are called neutral or normal salts. Salts which contain only
one combining weight of metal along with one hydrogen, and which,

therefore, still contain the characteristic component of acids, hydrogen,
are called acid salts.

The former are also called secondary and the latter primary.

Further, they are designated by using the Greek numerals mono-

and di-, which refer to the number of combining weights of metal

(not of hydrogen) present ;
monosodium sulphide is the salt NaHS,

disodium sulphide, Na2S. Finally, compounds containing the group
HS are called hydrosulphides ;

NaHS is sodium hydrosulphide. All

these terms are in use side by side.

290. The Ions of Dibasic Acids. Whereas monobasic acids

can dissociate into ions in only one way, two different reactions are

possible in the case of the dibasic acids, yielding two different kinds

of anions. The dissociation occurs, in the first place, according to

the equation

where A is the bivalent anion of the acid. That is to say, a

univalent anion HA7

is formed along with hydrion. This process

corresponds exactly to the ordinary electrolytic dissociation of the

monobasic acids.

A new reaction, however, then occurs, viz. :

the univalent anion undergoing a further dissociation into hydrion
and the bivalent anion A". The reaction

which might be regarded as that directly taking place, can be con-

ceived of as the result of two processes occurring one after the

other.

The aqueous solutions of such acids, therefore, always contain two

kinds of anions, and the different acids are distinguished by the extent

to which the one or other process takes place.
The dissociation of a dibasic acid into its ions always begins with

the first reaction. If the acid is not very strong, this process greatly

predominates, and the second stage of the dissociation takes place only
in a slight degree. In other words, such acids behave exactly like

monobasic acids, dissociating into hydrion and a univalent anion.

On the other hand, if the acid is very strong, the ion HA' further

dissociates into H' and A", and the solution will principally contain

this bivalent ion.

The solution of an acid salt of a weak dibasic acid, having the

formula MHA, forms the ions M' and HA', and as the latter possesses
the power of dissociation only in a slight degree, only a small part of
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the ions HA' dissociate further into A", and H'. The acid salt, there-

fore, behaves approximately like a neutral salt and reacts feebly acid,

neutral or (in consequence of hydrolysis, p. 275) alkaline in proportion
as the acid decreases in strength.

If, however, we have a salt of a strong dibasic acid, the ions M'

and HA' are, it is true, first formed, but the latter undergoes further

dissociation into the ions H' and A". The solution of such a salt

contains the ions A", M", and H'. Hydrion, therefore, is present in

comparatively large amount, and the solution behaves principally
like the solution of an acid.

An example of the first case is afforded by sulphuretted hydrogen,
even the primary salt of which undergoes hydrolysis and therefore

reacts alkaline. We shall presently meet with an example of the

second case in sulphuric acid.

On dissolving the neutral salt M2A, the ions 2M' and A" are

formed directly, and in the case of strong acids the matter rests there.

In the case, however, of a dibasic acid in which the second dissociation

is only slight, a reverse action appears. Since the ion AH' is much
more stable than the ion A", there is a tendency for the former to be

produced at the expense of the latter. The hydrion which is present
in small amount through the dissociation of the water, is drawn upon
to form this ion according to the equation A" + H' = HA'. Hydrion
is thereby used up, and the corresponding amount of hydroxidion
remains over. This is a process very similar to that of the hydrolysis
of the salt of weak monobasic acids (p. 275), the effect of which is

also that an excess of hydroxidion is finally present. The solution,

therefore, acquires an alkaline reaction
;

it turns red litmus paper
blue, and phenolphthalein red.

291. The Salts of Hydrogen Sulphide. The above difference

can be very clearly observed in the case of hydrogen sulphide. The
"
acid

"
salts, e.g. NaHS, in aqueous solution, react almost neutral

to litmus
;
the normal salts, e.g. Na2S, however, react strongly alkaline.

This is due to the fact that HS' behaves as an extremely weak acid.

In the solution of the sodium salt NaHS, the ion present, HS', is so

slightly dissociated that the reaction of the hydrion, the reddening of

litmus, is not visible. In the solution of the normal salt, hydrolysis

(vide supra) occurs to a large extent, according to the equation

The hydroxidion formed is the cause of the turning blue of red litmus,

or, in general, of the alkaline reaction.

The relations described here are very frequently found, and vary
only when the relative strength of the dibasic acids with respect to

their two hydrogen ions. More especially is hydrolysis of the normal
salts of very frequent occurrence in the case of dibasic acids of medium

strength. Hence arises the contradiction that the salts, which, on
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account of both hydrogens present being replaced by metals, are called

neutral salts, do not react neutral but alkaline. It is preferable, there-

fore, to use the term normal salts, or one of the other names given on

p. 296.

292. Preparation. Hydrogen sulphide is obtained by the de-

composition of its salts, the metallic sulphides, by stronger acids. Thus,
it can be obtained from the two sodium salts of hydrogen sulphide by
means of hydrochloric acid, according to the equations

As can be seen from the second equation, the acid salt is the more
economical for the preparation of hydrogen sulphide since for the

same amount of salt only half the amount of hydrochloric acid is

required.
On account, however, of its cheapness, iron sulphide is generally

used instead of sodium sulphide for the preparation of hydrogen sulphide.

I

We have already got to know this substance as the

A product of the interaction between sulphur and iron

^^ (p. 295) ;
it is also prepared on the large scale in^ a similar manner. Under the influence of hydro-

chloric acid the following reaction takes place :

The iron sulphide consists of equal combining

weights of iron and sulphur ;
the symbol Fe denotes

iron. On comparing the formula of this compound
with that of hydrogen sulphide H2S, it is seen that

one combining weight of iron has taken the place of

two combining weights of hydrogen. Such metals

are called bivalent, whereas metals which, like

sodium, can replace only one combining weight of

hydrogen, are called univalent. Tervalent and

multivalent metals are also known.

Hydrogen sulphide is prepared and used in large

quantities in the laboratory on account of its

action on metallic salts, which will be presently
mentioned. For its preparation on a compara-

tively small scale, the apparatus described on p. 129

can be used, iron sulphide, in large pieces, being
introduced into the lower part and decomposed with hydrochloric or

sulphuric acid. Where, however, larger quantities of hydrogen sulphide
are regularly required, the apparatus shown in Fig. 94 will be found

serviceable.

This consists of three bottles with tubulures at the bottom, placed
one above the other. From the top bottle a tube passes to the bottom

94.
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of the middle one, and from the neck of this a tube, carrying a pinch-

cock, passes to the lowest bottle, which is filled with iron sulphide.

The sulphuretted hydrogen is led away through a short tube, also fitted

with a cock, which passes through the doubly-bored cork of the lowest

bottle.

If the top bottle be filled with dilute hydrochloric acid and the

two cocks opened, the acid first flows into the middle bottle, and from

this it passes in drops, by suitable regulation of the cock, to the iron

sulphide in the lowest bottle. The hydrogen sulphide is here evolved,

and can be led off through the second tube to be used as required.

When no more gas is required, the delivery tube is closed. The acid

ceases to flow into the lowest bottle on account of the excess of pressure.

The hydrogen sulphide produced by the small amount of acid which

is still in the lowest bottle, collects in the middle bottle, the acid being
forced into the uppermost bottle. The apparatus is now in readiness

to supply any quantity of hydrogen sulphide at any moment.

As compared with the Kipp apparatus, this one has the advantage
that the full effect of the acid is obtained, whereas in the case of the

Kipp apparatus the fresh acid is mixed with the partially spent, its

action thereby becoming slow and incomplete.
When the acid in the top bottle is used up, fresh acid is filled in,

and the neutral solution of the iron salt contained in the lowest is run

off through the bottom tubulure. One charge of iron sulphide suffices

for many fillings of acid.

293. Properties. Hydrogen sulphide has an extremely unpleasant
smell of rotten eggs, or rather rotten eggs smell of hydrogen sulphide,

this gas being given off by the albumin, which contains sulphur, in the

process of putrefaction. It is a rather powerful poison for higher organ-
isms. Certain low organisms, however, can live in the presence of

hydrogen sulphide as can be seen from the fact that the process of putre-
faction in which the gas is formed is a chemical process brought about

by micro-organisms. Hydrogen sulphide dissolves in water, imparting to

this its smell and a feeble acid reaction. The solubility is not very great.

One volume of water absorbs 4-4 volumes of the gas at 0, 3-7 volumes

at 10, and 3-1 volumes at 20. At atmospheric pressure and room

temperature a solution is obtained containing 1 mole in about 12 litres.

294. The Solubility of Gases. In most of the cases already

discussed of the absorption of gases by water, chemical changes of the

solute occurred along with the process of solution, so that the process

was not seen in its simplicity. In the case of sulphuretted hydrogen
the chemical phenomena recede to such an extent that the pure process

of solution remains almost uninterfered with.

The greater the pressure under which a gas stands, the more of

it dissolves in a liquid, the amount dissolved being, indeed, proportional

to the pressure. This law was discovered by Henry in 1803, and is

called after him.
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Since the amount of a gas which is contained in a given space is

also proportional to the pressure, the law of Henry can be stated in

another form, viz. a liquid always dissolves the same volume of a given gas,

independently of the pressure.
This form of the law allows of a simple definition of the solubility

of a gas. This may be defined as the volume of the gas absorbed

by the unit of volume of the liquid, and we obtain, in this way, a

number which is independent of the pressure.

Moreover, the solubility depends also on the temperature, becom-

ing, as a rule, smaller as the temperature rises. This is connected
with the fact that in the absorption of gases, heat is in most cases

developed (p. 59).

For example, the solubility of oxygen and hydrogen in water is

small
;

it amounts to 0-01 -0-03
;

i.e. one litre of water dissolves only
from 10 to 30 cc. of these gases, according to the temperature, so that

this solubility can for many purposes be neglected. In the case of

these gases, the law of Henry holds with the same degree of approxi-
mation as the general gas laws. The more soluble the gases are in

water, the greater are the deviations from the law of Henry. In the

case of sulphuretted hydrogen, the solubility of which at room tem-

perature is as much as 3, the law, however, still holds. Deviations of

importance do not occur until the solubility exceeds 100.

295. Relation to the Law of Distribution. On comparing
this law with the law of distribution stated on p. 258, a large measure
of agreement is found. The law of Henry can also be stated in the

form, that the ratio of the concentrations in the gas and in the solution

has a constant value. For the concentration in the gas, or the ratio of

the amount to the volume, is proportional to the pressure, and since

the amount dissolved is also proportional to the pressure, it follows

that this new form of the law is correct. In this way the gas space
becomes comparable with a solvent or a solvent with a gas space. We
shall soon see that we are dealing here with more than an external

similarity.
It can also be easily seen that the law of distribution is a conse-

quence of the law of Henry. If we imagine two mutually immiscible

liquids simultaneously brought into equilibrium with a gas or vapour,
each of the liquids must, in the first place, absorb an amount of the gas

proportional to the pressure. If p is the pressure and a^ and a2 the

amount of the gas absorbed by the solvents Sx and S2 respectively
under the unit of pressure, the amounts absorbed under the pressure p
are pa and pa2 respectively. If the pressure is now changed to P,
these amounts are Poj and Pa2 . In both cases the ratio is a : a

2 ,

independently of the pressure.
We now make use of the theorem that what is in equilibrium in

one way is in equilibrium in every way (p. 61). Let us imagine
solutions to be prepared not by the saturation of each of the solvents



xv SULPHUR AND ITS COMPOUNDS 301

with the gas, but by absorbing the gas in one liquid and shaking this

with the other. In this case also, equilibrium can occur only when
the gas is distributed between the two in such a way that the con-

centrations are in the ratio a^ : a2 . This, however, is the law of

distribution.

Since, finally, in applying the law of Henry there is no limit on the

side of small pressures, the above reasoning can be. applied to all sub-

stances, however small their vapour pressure. But to all substances

there may, after all, be ascribed a finite, although often an immeasur-

ably small, vapour pressure, so that the law of distribution has to be

regarded as valid for all substances. This is also found by experiment
to be the case (p. 208).

The assumption, however, must remain fulfilled that the substance

which is distributed undergoes no chemical change in one of the

solvents. In such a case the law of distribution no longer holds

(p. 258) ;
but the law of Henry also loses its validity (p. 300). In

this also the close connection between the two laws is seen.

296. The Strength of Hydrogen Sulphide. Hydrogen sulphide
is not a strong acid. It can be readily removed from its aqueous solu-

tion by boiling or by means of an exhaust pump, a thing which cannot

be done in the case of the solutions of the strong gaseous acids, such

as hydrochloric acid. Its salts, also, are readily decomposed by other

acids, as is evident from the description of its preparation.
The determination of the electrical conductivity of aqueous solu-

tions of hydrogen sulphide yields very small values, from which it

may be concluded that only quite a small part of the substance has

passed into ions, the greater portion being present as undissociated

hydrogen sulphide. When, therefore, disulphidion and hydrion come

together in solution, they at once combine, with the exception of quite
a small residue, to form undissociated hydrogen sulphide, and if the

concentration of this is greater than corresponds to the solubility

under atmospheric pressure, the gas must escape in the form of

bubbles.

As a matter of fact, in the evolution of the gas from sodium

sulphide in solution and hydrochloric acid, the following process must
be assumed :

Na 2S" + 2H'C1' = 2NaCr + H2S,

or, since on both sides the natrion and chloridion remain unchanged,

297. Theory of the Evolution of Hydrogen Sulphide from
Iron Sulphide. How are we, now, to view the evolution of the gas
from hydrochloric acid and iron sulphide, since the latter is generally

regarded as insoluble ? The answer is that the iron sulphide is not

insoluble, although it is only very slightly soluble. The solubility,



302 PKINCIPLES OF INORGANIC CHEMISTRY CHAP.

however, is sufficient for the formation of disulphidion in the solution

along with diferrion. Then the reaction

takes place, more iron sulphide dissolves, and these processes are

repeated so long as iron sulphide and hydrochloric acid are present.

Only when the concentration of the hydrion has become very small

and that of the diferrion very large, is a chemical equilibrium

established, and the evolution of hydrogen sulphide ceases.

As is evident from this explanation, the possibility of generating

hydrogen sulphide, from sparingly soluble metallic sulphides, depends
essentially on the solubility of these. As a matter of fact, all readily
soluble metallic sulphides, without exception, give the reaction. Of
the metallic sulphides which are apparently insoluble in reality, how-

ever, only sparingly soluble some are readily decomposed by hydro-
chloric acid, e.g. manganese sulphide, iron sulphide, zinc sulphide ;

these are the most soluble of the sparingly soluble sulphides. Other

sulphides, such as copper sulphide, silver sulphide, and mercury sulphide,
are so slightly soluble that the process described takes place only to an

inappreciably small extent. These metallic sulphides are not decom-

posed, but can remain unchanged in the presence of acids.

298. Analytical Reactions of Hydrogen Sulphide. On the

same relations depends the application of hydrogen sulphide in analytical

chemistry. Such a process as

i.e. the decomposition of ferrous chloride by hydrogen sulphide, with

formation of iron sulphide and hydrochloric acid, cannot take place in

aqueous solution, because the reverse action between hydrochloric acid

and iron sulphide takes place, with formation of ferrous chloride and

hydrogen sulphide. The corresponding reaction can, however, take

place with mercury

for mercury sulphide is not decomposed by hydrochloric acid. If,

therefore, we have a solution containing iron and mercury salts, the

mercury can be precipitated as almost insoluble mercury sulphide by
passing in hydrogen sulphide gas. The iron salt remains unchanged
in the solution, and in this way a separation of the two salts can be

effected.

Many other metals behave in an exactly similar manner. Further,

since the sulphur compounds generally have a conspicuous colour

white, yellow, red, brown, or black it is often possible to tell what
metals are present merely from the appearance of the precipitate.

On this behaviour depends the application of sulphuretted hydrogen
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for analytical purposes ;
the details will be given when describing the

different metals.

In accordance with the equation given on p. 302.

the decomposition of metallic sulphides, of the nature of iron sulphide,

by acids, depends on the action of the hydrion present. If hydrion is

not present, the slight solubility of iron sulphide comes into evidence

when diferrion and disulphidion come together in solution, that com-

pound being formed acording to the equation

This occurs, for example, when a solution of sodium sulphide is mixed
with one of ferrous chloride

Na'2S" + Fe"Cl'2
= FeS + 2NaCl'.

For this reason a black precipitate of iron sulphide is obtained under
these conditions.

Those sparingly soluble metallic sulphides which are not precipitated

from acid solution by hydrogen sulphide, can be precipitatedfrom a neutral

solution by sodium sulphide, or similar readily soluble sulphides. This

behaviour is also made use of in analytical chemistry.
299. Hydrogen Sulphide as a Reducing Agent. If exposed

to the air, an aqueous solution of sulphuretted hydrogen soon becomes
turbid and deposits a white precipitate. The liquid which remains is

pure water. The process consists in the oxidation of the sulphuretted

hydrogen by the oxygen of the air

The sulphur separates out in a state of very fine division, and has,

therefore, the white colour of milk of sulphur (p. 284).

By reason of this power of combining with oxygen, hydrogen
sulphide acts as a reducing agent, and it is occasionally used for the

purpose of removing oxygen. Similarly, hydrogen compounds can be

prepared with the help of hydrogen sulphide.
300. Preparation of Hydrogen Iodide. If, for example,

hydrogen sulphide be passed into water in presence of iodine, the

following reaction takes place :

or, expressed as ions :

That is, from hydrogen sulphide and iodine, hydrogen iodide and

sulphur are formed. In this way an aqueous solution of hydrogen
iodide can be easily prepared.
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On the other hand, gaseous hydrogen iodide, on gentle heating, acts

on sulphur with formation of iodine and hydrogen sulphide gas. The
cause of this difference lies in the fact that in the former case the hydrogen
iodide dissolves in water and passes into its ions. The ions of hydriodic
acid are much more stable than hydrogen iodide itself, and are there-

fore formed under the above conditions. In the second case, no water
is present, and the greater stability of the hydrogen sulphide, compared
with the undissociated hydrogen iodide, causes in that case the reversal

of the process.
301. Decomposition of Hydrogen Sulphide by Heat.

Hydrogen sulphide itself is also not very stable. On being heated in

a red-hot tube it partially decomposes into sulphur and hydrogen. On
the other hand, hydrogen sulphide is formed under the same conditions

from its elements, so that we are here dealing with a chemical equilibrium

according to the equation

302. Combustion of Hydrogen Sulphide. Hydrogen sulphide

readily burns in the air with a blue sulphur flame. If the gas contained

in a cylinder be ignited, the walls of the cylinder become covered with

a white coating of sulphur. This is due to the fact that the hydrogen
of the hydrogen sulphide unites much more rapidly with the oxygen
than the sulphur does. Therefore, if there is a scarcity of air, as in the

interior of the cylinder, only the hydrogen burns and the sulphur

separates out. In this case also the sulphur is coloured white by
reason of its state of fine division.

303. Analysis of Hydrogen Sulphide. That hydrogen sulphide
contains sulphur is made evident by the experiment just described

;

the presence of hydrogen can be proved by converting this into water.

For this purpose a metallic oxide, e.g. mercury oxide, is heated in

a current of dry hydrogen sulphide. The following reaction then

takes place :

That is to say mercury sulphide and water are formed. The
latter can be easily collected in a cold receiver and identified by its

properties.

Further, the hydrogen of hydrogen sulphide can be set free by
metals. For example, if finely divided copper is heated in a current

of hydrogen sulphide, the following reaction takes place :

That is, copper sulphide and hydrogen are produced.
This property of decomposing hydrogen sulphide with formation

of metallic sulphide belongs also to the noble metals, especially to

mercury and to silver. For this reason, silver objects become black in

contact with air containing hydrogen sulphide. To the same process
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is due the blackening of silver spoons which come into contact with
boiled eggs or with egg-dishes.

304. Polysulphides. When a solution of sodium sulphide is

brought together with sulphur, the latter dissolves and the liquid
becomes dark yellow in colour. By evaporation of the solution, com-

pounds of the formulae Na
2
S2 to Na

2S5 can be obtained in the crystalline
state. The solutions themselves behave quite similarly to those of

sodium sulphide : they conduct electricity, and are, therefore, to be

regarded as salt solutions. The ions are, on the one hand, natrion Na'

and, on the other hand, S2
"
to

-85", or HS2

'

to HS5'.

The relations are similar to those in the case of iodine, where the

ion I' can pass into the brown ion I3
'

by taking up two further com-

bining weights of iodine (p. 257).

Of the polysulphidions only S4
"
and S5

"
have been characterised

with any degree of exactness
;

the lower ones behave like mixtures of

S" and S4".

305. Hydrogen Persulphide. The above solutions behave

differently when acted on by acids, according as the acid is added

gradually to the solution, or the solution poured into excess of acid.

In the first case, sulphuretted hydrogen is evolved and the excess of

sulphur separates out as milk of sulphur ;
this is the usual way of

preparing milk of sulphur, sodium sulphide, however, being replaced

by calcium sulphide. The reaction takes place according to the

equation

Na
2
S5 + 2HC1 - 2NaCl + H2S + 4S,

when the pentasulphide is used, and in a corresponding manner with
the other sulphides.

If, however, the concentrated solution of the sulphide be added to

excess of hydrochloric acid, no sulphuretted hydrogen escapes, but

oily drops separate out and unite to a yellow liquid. This has the

composition H2SW ,
where n lies between 2 and 5. It is called hydrogen

persulphide, and may be regarded as a mixture of the acids H2S4 and
H

2S5 ,
in which varying amounts of hydrogen sulphide are dissolved.

The liquid is very unstable, readily undergoing spontaneous de-

composition into sulphur and sulphuretted hydrogen. It exhibits, in

this respect, some resemblance to hydrogen peroxide, for its de-

composition is promoted by such substances as mechanically facilitate

an evolution of gas. Differences are found only in so far as the

hydrogen persulphide is but sparingly soluble in water.

306. Thermochemical Data. Hydrogen sulphide is formed from
solid rhombic sulphur with development of 11 kj ;

on solution in water
further 19 kj are developed, so that the heat of formation of dissolved

hydrogen sulphide is 30 kj.

In the formation of hydrogen persulphide, an absorption of heat

equal to 22 kj accompanies the taking up of the first atom of sulphur.
x
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In this respect, therefore, there is a similarity to hydrogen peroxide.
The rest of the sulphur is dissolved without appreciable heat effect.

The heat of neutralisation amounts, for the first equivalent, to

32
Jcj,

for the second to zero. From this it likewise follows that

the reaction consists essentially in the formation of the salt NaHS,
or of the ions Na' + HS', and that sodium sulphide in dilute solution

reacts with the water according to the equation Na2S +H2
= 2Na' +

HS' + OH'.

Further, it follows from the above value that the formation of the

ions H' + HS' from dissolved sulphuretted hydrogen, gives 32-57 =
- 25 kj ;

that is, it takes place with strong absorption of heat, which

is the opposite of what takes place in the case of hydrofluoric acid.

For the equations

Na'OH' aq. +H2S aq.=Na'HS' aq. + 32
Jcj,

kj,

yield, on subtraction of the lower from the upper and omission of the

like terms,

aq.=H'HS' aq.-25 kj.

D. Sulphur Dioxide and Sulphurous Acid

307. Composition. In the combustion of sulphur in air or oxygen,
a gas is formed which causes the well-known pungent smell of burning

sulphur, and is a compound of sulphur with

oxygen.
If the combustion is carried out in an en-

closed space (e.g. in the apparatus, Fig. 95), it

is found that the volume of the gas is not greatly
different from that of the oxygen.

1 Since free

oxygen is
2 ,

the compound which is produced
in equal volume must also contain two combin-

. ing weights of oxygen.
The molar weight of the gas has been found

equal to 64 or somewhat over this, according
to pressure and temperature. It -contains, there-

fore, along with 2 x 16 = 32 parts of oxygen, 32

parts or one combining weight of sulphur, and its formula is S02 .

308. Physical Properties. Sulphur dioxide is a gas which,
even at small pressures, exhibits deviations from Boyle's law, in the

sense that as the pressure increases the volume diminishes more than

proportionally to the pressure. Further, it can be liquefied by

1 As a rule, the volume is somewhat smaller, because along with the compound S02

there is also formed some 80s, which combines with traces of moisture present, forming
a non-volatile compound.
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moderate pressure and cold. At atmospheric pressure, the temperature
of a freezing mixture of ice and salt is sufficient

;
if sulphur dioxide

be passed into a glass vessel surrounded by this mixture, it condenses
to a very mobile liquid as clear as water. In the following table is

given the relation between pressure and temperature :

Temperature. Pressure. Temperature^ Pressure.

-30 0-39 atm. +5 1-87 atm.
-25 0-49 10 2-26
- 20 0-63
- 15 0-80
- 10 1-00
- 5 1-25

1-53

15 2-72
20 3-24
25 3-84
30 4-52
40 6.15

As can be seen, the boiling point at atmospheric pressure is - 10.
The critical magnitudes are : pressure 79 atm., temperature 157.

Liquid sulphur dioxide is now placed on the market in metal

cylinders, similarly to liquid chlorine. In cases where large quantities
of the substance are required, the use of such cylinders is very
convenient.

309. Sensitiveness to Light. When exposed to light, sulphur
dioxide decomposes into sulphur, which separates out, and another

oxide of sulphur, sulphur trioxide, S03 ,
with which we shall become

acquainted later, in accordance with the equation 3S02
= 2S03 + S.

For this reaction as in many other cases the rays of light of high frequency
which constitute the visible violet and the portions of the spectrum
beyond, are specially effective.

310. Behaviour towards Water. Sulphur dioxide dissolves

fairly abundantly in water. At higher temperatures the solubility
follows to some extent the law of Henry. At room temperature one

volume of water dissolves about 50 volumes of sulphur dioxide.

The aqueous solution smells strongly of the gas, which can be

entirely expelled by boiling. Towards litmus, the solution shows the re-

action of an acid; it therefore contains hydrion. Since sulphur dioxide

does not contain any hydrogen, the acid must have been produced by
the union of it with water, and must therefore have the formula

S02 + wH20. The value of n cannot be ascertained by an analysis of

the liquid, since this contains excess of water. If, however, the liquid
be neutralised with caustic soda and the sodium salt of the acid present

prepared by evaporation, the latter is found to have the composition
Na

2S03 .

From this it is to be concluded that the acid has the composition
H

2S03 .

311. Sulphurous Acid. This acid, known not in the pure con-

dition but only in solution, is called sulphurous acid. Sulphur dioxide

is sometimes designated by this name, but that is incorrect. Rather,
it must be called sulphurous acid anhydride, because it is formed
from sulphurous acid by loss of water. As can be guessed from the
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formula, and as is found by analysis of the salts, sulphurous acid is

a dibasic acid, and can form normal salts of the formula M2S03 and acid

salts MHS03 ,
where M represents a combining weight of a univalent

metal.

Sulphurous acid is an unstable substance. On strongly heating
the aqueous solution it decomposes into sulphuric acid (see below),

and sulphur. It is also decomposed by light similarly to sulphur
dioxide.

312. Dissociation of Sulphurous Acid. In the sense of the

considerations set forth on p. 271, sulphurous acid is a comparatively
weak acid, the second hydrogen of which shows very little tendency
to pass into the ionic state. This is evident from the fact that the

acid cannot be titrated with caustic soda and litmus. Even before the

equivalent amount of base has been added, the colour changes slowly
and continuously from red, through violet, to blue, without it being

possible to distinguish a sharp transition. Accordingly, the aqueous
solution of the normal sodium salt, which has been purified by repeated

recrystallisation, also exhibits an alkaline reaction. This arises through
the action of the water on the ions of the salt. According to the

equation

Na'2S03
"
+H2

= Na'HS03
' + Na'OH',

the ion of the acid sulphites HS03
'

is formed at the expense of the

water, hydroxidion being thereby also produced, which causes the

characteristic blue coloration of litmus. This reaction, however,
takes place to a less extent than in the case of hydrogen sulphide

(p. 296).

313. Bleaching Action. Sulphurous acid and its salts possess
some properties which are of importance technically. Sulphurous acid

bleaches various organic colouring substances, and is therefore used

for the decoloration of silk and wool. These substances cannot be

bleached with chlorine, because they thereby become hard and brittle.

To carry out the process of bleaching, the substances are hung up
in a moist condition in chambers which can be closed, and in these the

sulphur dioxide required is generated by the combustion of sulphur.

When, after some time, the bleaching has taken place, the substances

must be carefully washed in order to remove the transformation

products of the colouring substances and the excess of sulphurous
acid.

This property can be clearly demonstrated by placing a number
of coloured flowers near burning sulphur, and covering the whole with

a glass bell-jar. In a short time all the flowers become white.

The colour, however, is not completely destroyed, as in the case

of chlorine, but can be restored. This takes place, to a certain extent,

spontaneously, on standing some time in the air
;
more quickly by

moistening the bleached blossoms with dilute sulphuric acid. Under
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these conditions blue colours which are turned red by acids do not, of

course, appear again ;
in their place red appears.

314. Physiological Action. Sulphurous acid has, further, a

powerful action on vegetable organisms, from the highest orders down
to the moulds and similar forms of life. This shows itself in an un-

desirable manner in the neighbourhood of foundries and chemical

works in which sulphur dioxide is generated and in part diffused

through the air, in the fact that vegetable growth more or less com-

pletely dies out. Even the sulphur contained in coal produces similar

effects in towns. This important property of sulphurous acid finds

useful application in the
"
curing

"
of wine and beer for the purpose of

keeping away mould and other organisms, which would have a detri-

mental action on these liquids. This is the purpose of the process of

sulphuring wine casks, i.e. of burning sulphur in the interior of them,
which has been in vogue from remote times. For similar purposes

large quantities of sulphurous acid salts are used in breweries.

315. Preparation. The preparation of sulphur dioxide and of

the sulphurous acid salts or the sulphites, is carried out by burning

sulphur or metallic sulphides by means of the oxygen in the air.

Sulphur dioxide is formed, and this is either* employed as such or is

converted into other compounds. Since an aqueous solution saturated

under atmospheric pressure contains only 10 per cent. of sulphurous
acid, it is better to prepare a concentrated solution of acid sodium

sulphite, NaHS03 , by the action of sulphur dioxide on sodium

carbonate. This is prepared commercially, and is employed for the

purposes specified above. This solution is also the most convenient

means for preparing sulphur dioxide for laboratory purposes. For

this, it is only necessary to place concentrated sulphuric acid in a

flask fitted with dropping funnel and delivery tube, and to allow

bisulphite solution to drop in from the dropping funnel. The sodium

salt of sulphuric acid is formed, and at the same time the sulphurous
acid which is formed decomposes into water, which remains behind,
and sulphur dioxide, which escapes.

316. Reducing Actions. Sulphurous acid readily absorbs oxygen,
and passes into another compound which has the composition H2S04 and
is called sulphuric acid. Sulphurous acid is a reducing agent, because it

can also withdraw the oxygen necessary for this transformation from

oxygen compounds. The oxygen can also be removed from water if

an opportunity is given to the hydrogen of entering into another

combination. Sulphurous acid then acts not by withdrawing oxygen
but by adding hydrogen. An example of this last process is afforded

by the action of sulphurous acid on iodine, which takes place according
to the equation

H
2S03 + 21 + H2

-H2S04 + 2HI.

The iodine passes, therefore, into hydriodic acid. Since very small
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quantities of free iodine can be detected by means of starch (p. 260),

the above reaction can be used for the volumetric determination of

iodine with sulphurous acid, or of sulphurous acid with iodine. This

method, which was formerly much employed, has now been abandoned
in favour of more convenient methods. The inconvenience of the

method lies in the fact that the composition of the solutions of

sulphurous acid is continually undergoing change, owing to escape
of the gas and to oxidation by the oxygen of the air. Solutions of

sulphurous acid salts, which act on iodine in the same way, do not

have the first disadvantage, but they have the second. The spon-
taneous oxidation by the oxygen of the air can, however, be almost

entirely abolished by adding to the solution a small quantity of

alcohol, glycerol, sugar, or similar substances. So small a quantity
as iQooo * IQ'QO f ^ne weight of the solution is sufficient for this

purpose. The substance itself undergoes no change ;
the action has,

therefore, to be designated as a catalytic one.

317. PyTOSUlphurous Acid. From the hot, concentrated solu-

tions of the acid sulphites of the alkali metals, salts crystallise out which
do not have the composition of acid salts, because they contain no

hydrogen. The potassium salt, more especially, forms* very readily,
and is found to have the composition represented by the formula

K2S2 5
. On comparing this formula with that of the acid sulphites,

KHS03 ,
it is seen that the salt has been formed from this, with the

loss of the elements of water

The bivalent anion which is combined with potassium is therefore

S2 5", and the corresponding acid must, accordingly, have the formula

H
2S2 5 . It can be looked upon as a compound of sulphurous acid

and sulphur dioxide

If, however, it be attempted to prepare this acid from the

potassium salt, only the ordinary sulphurous acid is obtained. The
new acid, therefore, passes at the moment of its liberation into

sulphurous acid, or, what is perhaps more correct, the sulphurous
acid also contains small amounts of the acid H

2
S2 5 along with the

ordinary acid
;
the different forms, however, pass so quickly into

one another that they cannot be investigated individually.
The acid H2S2 5 is called pyrosulphurous acid, and its salts are

called pyrosulphites. The name is due to the fact that a similar

derivative of phosphoric acid has been obtained by heating that acid.

318. Thermochemical Relations. The combustion of sulphur
to gaseous dioxide develops 297 kj, the solution of the latter in

water, further 32 kj, so that the heat of formation of the aqueous acid

is 329 kj. When one equivalent of caustic soda is added to the
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solution, 67 kj are developed ;
a second equivalent yields further

55 kj. From this it follows that the formation of the ions H* and
HS03

;

from the undissociated acid, H2S03 ,
takes place with a

development of heat of more than 10 kj ;
since the acid is already

slightly dissociated, the whole amount of heat does not show itself.

The second dissociation, HS03
' = H' + S03", appears to take place

without any considerable heat effect, since the heat of neutralisation

55 kj is very near to the normal 57 kj.

E. Sulphur Trioxide and Sulphuric Acid

319. Sulphur Trioxide. Although sulphur dioxide is not the

highest compound of oxygen with sulphur, it is essentially the only one

which is produced in the direct interaction, i.e. in combustion, even

when oxygen is present in great abundance. A higher oxide of

sulphur, sulphur trioxide, S03 ,
is formed at the same time only in small

amount, mixing in the form of a white mist with the gaseous dioxide.

Nor is it possible to prepare any considerable amount of trioxide by
heating, say, the dioxide with oxygen. This is not in any way due

to the trioxide being an unstable compound which readily decomposes
into the dioxide and oxygen : the reverse is the case. Rather, we
must assume that the velocity with which the dioxide and oxygen com-
bine to form trioxide, is exceedingly small even at comparatively high

temperatures. The rapid combination of sulphur dioxide and oxygen
can be effected by the same substance by which the union of oxygen
and hydrogen is accelerated (p. 149). If a mixture of the two gases
be passed through a heated tube containing finely divided platinum,
union takes place. From the tube there escapes a vapour which in

moist air forms dense white fumes with a choking smell, and which

can be condensed to a colourless liquid possessing very striking

properties.
320. Manufacture. The combination of sulphur dioxide and

oxygen to trioxide, with the help of platinum, has been recently carried

out on a manufacturing scale and has become of considerable importance.
At first it was employed only for the preparation of the trioxide itself,

which is applied fairly largely in the preparation of organic dyes. The
commercial manufacture by this long known process encountered great
difficulties because the impurities present in the gas soon rendered the

platinum inactive.

Quite recently, however, the method has been discovered of

carrying out the purification of the crude sulphur dioxide so

successfully that that disadvantage is avoided. Sulphur trioxide

in any desired amount can be directly obtained by the action of

metallic platinum, from a mixture of sulphur dioxide and air such

as is obtained by the combustion of ores containing sulphur. This

preparation can be carried out so cheaply that it is used for the
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preparation of sulphuric acid, and will in all likelihood replace the

method hitherto employed, which will presently be described.

Besides platinum, other substances, more particularly ferric oxide,

which have a similar, but, as a rule, slower catalytic action, can be

employed.
321. Properties. Sulphur trioxide is a colourless, mobile liquid,

which boils at 46, and has, therefore, even at the ordinary temperature,
a considerable vapour pressure. When cooled it solidifies to a trans-

parent, ice-like mass which melts at 15.
Besides this solid form there is another form known which is always

formed when the trioxide is kept for a long time. Traces of sulphuric
acid catalytically accelerate the transformation. It has the appear-
ance of an opaque, white, asbestos-like mass, which on being heated

does not melt but passes directly into the vapour state. It has a molar

weight twice that of the liquid form.

322. Action of Water. In the air, sulphur trioxide forms dense,

white fumes. This is due to the fact that the vapours of the readily
volatile substance combine with water to form the very slightly

volatile sulphuric acid : S03 + H2
=H

2S04 .

The sulphuric acid, accordingly, passes at once into the liquid

form, and the very small drops of liquid which are formed constitute

the fumes.

The great tendency to unite with water becomes evident on

bringing the substances together directly. On allowing some trioxide

to fall into water, a hissing noise is produced, as when red-hot iron is

immersed in water. At the point of contact between trioxide and water,

so much heat is developed that a portion of the water is vaporised.
This vapour is again condensed to liquid by the rest of the water, and

these violent movements are the cause of the hissing sound.

Sulphur trioxide also acts on various other substances, with the

formation of compounds, and it, therefore, finds manifold application
in chemical technology. For these purposes it is usually employed
not in the pure state but dissolved in sulphuric acid. The solutions

containing 40 per cent and over are solid at the ordinary temperature,
and become liquid only on being gently warmed.

The substance which crystallises from the solutions has the

composition H2S2 7 equal to H2S04 + S03 . It is therefore a com-

pound of sulphuric acid with sulphur trioxide.

323. Sulphuric Acid. Sulphurous acid, or sulphur dioxide plus

water, is slowly converted by the oxygen of the air into sulphuric
acid : 2H2S03 + 2

= 2H2S04 . The process, however, although accom-

panied by a considerable diminution of the total as well as of the free

energy, takes place, strange to say, only very slowly so slowly,

indeed, that it cannot be made use of for manufacturing purposes.
For this reason, the sulphuric acid was formerly prepared in another

way, viz. by strongly heating iron vitriol or sulphate of iron. The
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process is, chemically, not very simple, and the details of it will be

given under iron. It has, at the present day, only an historical import-
ance, since it is no longer used.

The method still chiefly employed at the present time (cf. p. 311)

depends on the oxidation of sulphur dioxide or sulphurous acid, but

this is accelerated by a particular expedient to such an extent that it

has become a productive manufacturing method.

The method was developed from experiments made to replace the

oxygen of the air by more quickly acting oxidising agents. Sulphur
was burned with the addition of potassium nitrate or saltpetre. This

substance has the formula KN03 ;
it contains, therefore, a large amount

of oxygen, with which it readily parts. In these experiments it was
found that much more sulphuric acid was produced than could have
been formed from the oxygen of the saltpetre. The cause of this was
found to be that the oxidation of the sulphurous acid by the oxygen
of the air takes place much more quickly in the presence of the gaseous

oxygen compounds of nitrogen which are produced under the above

conditions, than when it is alone.

324. Manufacturing Process. The above-mentioned process
then amounted to this : Sulphur dioxide was formed by the combustion
of sulphur, and the gas was mixed with air and water vapour in the

amount necessary for the formation of sulphuric acid, the production
of which waj3 sufficiently accelerated by the addition of oxides of

nitrogen. The various stages through which the process has passed
cannot be described here

;
it will be sufficient to give a description of

the arrangement of a present-day sulphuric acid manufactory. The

sulphur dioxide is, at present, prepared only to a small extent from

sulphur itself
;

for its formation the sulphur compounds of iron are

chiefly used. These are burned in suitable furnaces, forming iron

oxide, which remains behind, and sulphur dioxide, which escapes.

Large quantities of sulphuric acid are also formed from other ores

containing sulphur, which for the purpose of obtaining the metals in

them are
"
roasted," i.e. heated with access of air. The sulphur

passes into sulphur dioxide, and the metals form oxides.

The hot mixture of sulphur dioxide and air is first of all led into

an empty chamber, where the small, solid particles carried over with

the gas,
"
flue-dust," are deposited.

The gases then enter at the foot of a tower (the Glover tower)
filled with acid-resisting stones, and are met by a counter-stream of

crude, dilute sulphuric acid, such as is formed in this process. By
this arrangement the hot gases are cooled by causing the evaporation
of the water contained in the dilute sulphuric acid

;
the acid is thereby

concentrated. At the same time, the acid is freed from the oxides

of nitrogen which it contains (vide infra), and these are again brought
into the process. In this way, not only is a loss of these com-

paratively valuable substances avoided, but the sulphuric acid is at
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the same time freed from an impurity which would be very detrimental

in its further treatment and application.
From the tower, the gases pass into several large chambers lined

entirely with lead plates. (Lead is attacked by sulphuric acid to a

comparatively slight extent.) Into these chambers, steam and oxides

of nitrogen are also introduced
;

oxidation to sulphuric acid occurs,

and this falls as a fine rain to the bottom of the chamber.

From the last chamber there escapes not only the nitrogen of the

used-up air, but also the oxides of nitrogen present, so far as they
have not been absorbed by the dilute acid formed in the chambers, .

the
" chamber acid." In order that these oxides may not be lost,

they are led through a second tower (the Gay-Lussac tower) in which

concentrated sulphuric acid is trickling in an opposite direction. The
latter readily dissolves large quantities of the oxides of nitrogen, and
so retains this valuable material. The atmospheric nitrogen passes
into a large chimney, which maintains the draught through the whole

series of apparatus. The concentrated sulphuric acid charged with

the oxides of nitrogen is introduced into the first tower, where the

oxides of nitrogen are given off.

325. Action of the Oxides of Nitrogen. As to the cause of the

acceleration of the sulphuric acid formation by the oxides of nitrogen,
a theory has been in existence for a hundred years. According to

this, the cause lies in the alternate reduction of the oxides by the

sulphur dioxide and their re-oxidation by the oxygen of the air. The

details of this theory cannot be discussed till the oxides of nitrogen
are treated. Since the oxides of nitrogen are found at the beginning
and the end of the process in the same condition, and are not used

up, we must at this point be satisfied with designating the accelerating
action as a catalytic one.

326. Concentration of the Acid. The acid obtained by this

method contains about 65 per cent of acid and 35 per cent of water.

This amount of water, in the form of steam, must be introduced into

the lead chamber in order that the formation of sulphuric acid shall

take place quickly and regularly. For most of the applications of

sulphuric acid, however, this water must be removed.

This is effected in the first place in flat lead pans which are

heated from above. When the sulphuric acid attains a concentration

of 80 per cent, it begins to attack the lead. It is then evaporated
further in flat platinum retorts. At first, almost pure water passes

over, but when the acid has reached a concentration of 98-5 per cent,

the \apour has nearly the same composition as the liquid, and further

concentration becomes impossible. Before the acid has reached this

strength, it is run into carboys, in which it is transported.
327. Crude and Pure Acid. The crude sulphuric acid is not

pure. The chief impurity which it contains is sulphate^of lead. This

is more readily soluble in concentrated than in dilute sulphuric acid,
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and separates out, therefore, as a white precipitate on mixing the acid

with water. Further, the acid is often coloured brown from the presence
of dissolved organic compounds from particles of straw or wood which
have fallen into it. As a rule, also, oxides of nitrogen, derived from

the preparation, and compounds of arsenic, from the metallic sulphides

employed, are present.
Pure acid is obtained by the distillation of the impure. The boiling

point of sulphuric acid is fairly high, viz. 338.
The acid obtained by distillation does not have exactly the

.composition H2S04 ,
but contains a few per cent of water. This is

connected with the fact that the vapour of sulphuric acid is not a

single substance, but a mixture of sulphur trioxide, the anhydride of

sulphuric acid, and water vapour. This is seen, in the first place,
from the vapour density, which is not 98, corresponding to the formula

H
2S04 ,

but only the half, corresponding to the density of a mixture

H
2 + S03 . Further, the presence of the components of the mixture

can be shown by subjecting the vapour of sulphuric acid to diffusion.

If, for example, the vapour alone be kept some hours in an open flask

at a temperature above 350, the lighter water vapour diffuses away
more quickly, and, on cooling, there is found in the flask a mixture of

sulphuric acid and sulphur trioxide.

If one recalls the great violence with which the combination of

sulphur trioxide with liquid water takes place, one must inquire as to

the reason why these substances do not combine at all in the vaporous
state. The reason is to be found in the fact that sulphuric acid can

form ions only in aqueous solution. In the vapour, no ions are present,
for it is a non-conductor of electricity. Sulphuric acid, now, is a strong

acid, i.e. it has a great tendency to form ions
;

for this reason sulphur
trioxide acts strongly on liquid water, in which it can form sulphanion,
but has no action on water vapour, with which the formation of

sulphanion is not possible.
328. Solid Sulphuric Acid. At lower temperatures, sulphuric

acid forms crystals which melt at 10-5. If the acid contain water, the

melting point is lower in proportion to the amount of water. Super-

cooling, also, occurs to a large extent, so that the ordinary, somewhat

hydrated acid must be strongly cooled in order to obtain the crystals.

Crystallisation affords us a good means of obtaining the pure acid

H
2S04 from the hydrated acid. This is cooled down until the greater

part has crystallised, and the liquid portion is discarded. The crystals
are melted and the acid again made to solidify partially, and this

method of purification is repeated till the melting point 10-5 is

reached and no longer rises.

Sulphuric acid, in the liquid state, is a rather thick liquid having
a high specific gravity, viz. 1-838 at 15. It fumes somewhat in the

air, for since the constant boiling mixture contains rather more water,

the vapour of pure sulphuric acid must contain excess of anhydride.
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On cooling down an aqueous acid of the composition H2S04 4-H20,

crystals of the hydrate H2S04 ,
H

20, melting at 8, can be obtained.

329. Aqueous Sulphuric Acid. On dissolving sulphuric acid

in water, a large amount of heat is developed, so that, under certain

circumstances, the liquid may boil. The cause of this is that the passage
of sulphuric acid into its ions is accompanied by a very considerable

evolution of heat. For the pure acid, H2S04 , scarcely conducts the

current, and only on being diluted with water does it become a very

good conductor. On dissolving sulphur trioxide in a large quantity
of water, 164 Jcj

are developed. On dissolving sulphuric acid, H2S04 ,

in much water, the heat development is 75 Tcj.
From this it follows

that the combination of the trioxide with one mole of water, or the

reaction S03 +H2
-H

2
S04 , yields 89 kj.

Further, on solution, the total volume diminishes very considerably.
In a tube one metre long and about 1 cm. wide, closed at one end,

a column of concentrated sulphuric acid is covered with an equally

high column of pure water, the tube closed with a rubber stopper,
and the two liquids mixed by inverting the tube. So much heat is

developed in the reaction that the hand must be protected with a

cloth. On cooling, the level of the liquid is about 3 cm. lower than

before.

On account of this contraction, no simple relation exists between

the strength of a dilute sulphuric acid solution and the extensity, or

the density, and recourse, therefore, must be had to a table when it is

desired to determine the strength from the density. The following is

such a table :

DENSITY AND COMPOSITION OF SOLUTIONS OF SULPHURIC ACID

d.
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acid can form two kinds of anions, viz. the univalent HS04

' and

the bivalent S04". Concentrated solutions of the acid contain chiefly

the former
;

the greater the dilution, the more does this dissociate

into the bivalent ion and hydrion. Like almost all the ions hitherto

mentioned, both these ions are colourless and possess no conspicuous

properties.
331. Applications of Sulphuric Acid. In the laboratory, and

still more in the arts, sulphuric acid is a substance of immense import-
ance and manifold application. Its importance for the chemical

industry has been justly compared with that of iron for the engineering

industry. The manifold application of sulphuric acid depends on the

fact that it can be used in two ways for obtaining other acids from

their salts. Since it is, as a rule, only the salts of the various acids

that are got directly, and from these the free acids must then

be obtained, an acid suitable for this object finds a very varied

application.
The use of sulphuric acid for this purpose depends on the combina-

tion of several circumstances. Apart from its cheapness, the fact that

it is a strong acid, i.e. one largely dissociated into ions, and has a high

boiling point, is the determining factor.

Certainly, on making a comparison, it is found that in equivalent

solutions, i.e. solutions containing equal amounts of hydrogen, hydro-
chloric acid is a better conductor than sulphuric acid, and *that

the former, therefore, is more dissociated. However, the somewhat
smaller degree of dissociation of sulphuric acid (cf. p. 272) is more

than compensated for by its small volatility. Thus, hydrochloric
acid is prepared from sodium chloride by means of sulphuric acid,

according to the equation

2NaCl + H2S04
= Na

2
S04 + 2HC1.

The possibility of generating the stronger acid from its salts by
nftans of the weaker, depends on the difference of the volatility of the

two acids. When sulphuric acid acts on sodium chloride, only a

small quantity of hydrochloric acid is at first formed, and the reaction

would stop, i.e. a chemical equilibrium would be established, if all the

substances remained together. Even on gentle heating, however, the

hydrochloric acid passes off in the gaseous state. The equilibrium
is thereby disturbed, fresh hydrochloric acid must be formed, and,

therefore, fresh sodium chloride be decomposed. If this hydrochloric

acid be also removed, the process goes on until, finally, all the

sodium chloride is decomposed or all the sulphuric acid is used up.
In the decomposition of sodium chloride by sulphuric acid, and in

similar processes, two stages can be clearly distinguished. The first

half of the decomposition always takes place much more easily, i.e. at

a lower temperature than the second. This depends on the dibasic
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nature of sulphuric acid. The process is separable into two stages,

represented by the following equations :

md
H2S04 + NaCl = NaHS04 + HC1,

NaHS04 + NaCl = Na2S04 + HC1.

As in the case of all polybasic acids, the one combining weight of

hydrogen splits off first and most readily ;
the splitting off of the

second occurs with much greater difficulty. For this reason, even when
two combining weights of sodium chloride are present, there is, at-

first, only the acid sodium sulphate formed, according to the first

equation, and one combining weight of sodium chloride remains. Not
until this reaction is essentially over, and a higher temperature is

employed, does the second process, the decomposition of the sodium

chloride by the acid sodium sulphate, take place, with formation of the

normal sulphate.

Sulphuric acid can be used also in a second way for the prepara-
tion of free acids from their salts. With some metals, especially
barium (Ba) and lead (Pb), it can form very sparingly soluble salts.

Therefore, if aqueous solutions of the barium or lead salt of the acid

in question be mixed with sulphuric acid, barium or lead sulphate is

formed, and separates out in the solid state, while the acid remains

in solution. In this way, for example, chloric acid, HC103 ,
is obtained

(p. 240).

332. Analytical Test. This same circumstance, the slight

solubility of barium sulphate, is employed for the detection and estima-

tion of sulphuric acid and its salts
;

in general, of the ion S04".

Whenever barion, Ba", comes together with the ion S04", the pre-

cipitate of barium sulphate (BaS04) separates out. Since sulphuric
acid is a fairly strong acid, the small solubility of barium sulphate is

not increased to any considerable extent by the presence of free acids

(p. 302). The reaction, therefore, is also given in acid solutions. Nor
is there any other substance by means of which barium sulphate is

rendered appreciably soluble in aqueous liquids. This reaction,

therefore, is a very certain criterion for the presence of S04"-ion, and

an error can arise only from the fact that selenic acid (vide infra],

which is very similar to sulphuric acid, yields a similar, sparingly soluble

precipitate with barium salts. When we come to selenic acid, however,
we shall show how such an error can be excluded.

The question may be asked, whether the two different ions, HS04
'

and S04", do not, in conformity with the difference of their composition,
have different properties and characteristics. As to the former, there

is no doubt but the detection of these differences is not easy, since

it presupposes a knowledge of the proportions of both ions in a given
solution. Although this problem is not insoluble, still it is so com-

plicated that it cannot be discussed here.
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On the other hand, for the detection and the estimation of

sulphuric acid by barium compounds, it is a matter of indifference in

what proportions the ions HS04
'

and S04
"
are present in a solution.

By precipitation as barium sulphate, certainly, only S04"-ion is at first

removed
;

so soon, however, as this takes place, a fresh amount is

formed from HS04'-ion, in accordance with the equation HS04
' =

H' + SO/. This is also precipitated, and so on until practically all

the sulphanion has been precipitated. Only when the concentration of

the hydrion is very great, that is, when the solution is very acid, does

a measurable quantity of HS04'-ion remain undissociated, and is not

precipitated. Hence the rule that the precipitation of barium sulphate
must not be carried out in a too acid solution.

333. Decomposition of Sulphuric Acid. Sulphuric acid is a

fairly stable substance. It undergoes oxidation to a higher stage

only under quite special conditions by means of the electric current.

Reduction takes place more readily, and use is sometimes made of such

processes for the preparation of sulphur dioxide. Such reduction

occurs, for example, on heating sulphuric acid with copper.

Copper is a bivalent metal, the sulphate of which has the formula

CuS04 . On heating copper with sulphuric acid, the usual displacement
of hydrogen by metal would first take place

The hydrogen, however, is not evolved, but is oxidised at the expense of

the oxygen of a second mole of sulphuric acid
;

this is reduced to

sulphurous acid, which immediately decomposes into sulphur dioxide

and water. In formulae,

The two equations can be combined into one, and we obtain

Cu + 2H2S04
= CuS04 + 2H2 + S02 .

Mercury and silver behave similarly to copper. In the case of zinc,

the reduction goes still further, sulphuretted hydrogen being formed

under certain circumstances

5H2S04 + 4Zn - 4ZnS04 + 4H2 +H2S.

This reduction occurs only when the solutions are fairly con-

centrated. Dilute sulphuric acid reacts with zinc, with formation

of hydrogen

334. Pyrosulphuric Acid. The compound of sulphuric acid with

trioxide, H2S2 7 , mentioned on p. 312, is a special acid, to which the

name of pyrosulphuric acid has been given. For the compound not

only exists itself, but the corresponding salts can be prepared, e.g. the



320 PKINCIPLES OF INOKGANIC CHEMISTRY CHAP.

sodium salt Na
2
S2 7

. The salts are obtained by heating the acid

sulphates, e.g.

2HNaS04
= Na2S2 7 +H20.

If heated more strongly, the salts lose sulphur trioxide and pass into

normal sulphates, e.g.

It must, however, be specially noted that in aqueous solution the corre-

sponding ion, S2 7", is not known. On solution, the pyrosulphates
take up water and pass into the acid sulphates

Na'2S2 7

"
+ H2

= 2Na HS04',

and the process apparently proceeds so quickly that it has not

hitherto been possible to distinguish between the solution of a pyro-

sulphate and an equally strong solution of the corresponding acid

sulphate. From experience gained from other acids of a similar com-

position, however, cases are known in which differences can be readily
detected between the ions of the normal and of the pyro-acids.

335. Thermochemical Relations. The heat of formation of

liquid sulphur trioxide from its elements is 432 kj. Its heat of vaporisa-
tion is 49 kj ;

its heat of formation in the vapour form amounts, there-

fore, to 383 kj. Since the heat of formation of the dioxide amounts
to 297 kj, this would, by combustion to the trioxide, develop 86 kj.

In spite of this great heat evolution, this process takes place only very

slowly and incompletely, and, in order to be of use for manufacturing

purposes, it must be accelerated by catalysers, e.g. platinum.
The trioxide dissolves in water with great development of heat,

amounting to 164 kj. Sulphuric acid, H2S04,
dissolves in water with

development of 75 to 88 kj ;
at great dilution the heat effect still

increases to a measurable extent. By the formation of sulphuric acid,

therefore, from trioxide and water, about 85 kj are developed.
The heat of neutralisation of sulphuric acid varies according as the

acid or the normal salt is formed. If a mole of caustic soda is added
to a mole of sulphuric acid in dilute solution, so that the acid salt is

formed (H2S04 + NaOH= NaHS04 + H20), 62
'

kj are developed; the

second mole of caustic soda yields the considerably greater evolution of

heat, viz. 69 kj.

From the large amount of heat which is developed on dissolving

sulphuric acid in water, one may conclude that the dissociation of the

acid into its ions is accompanied by a greater development of heat. In

the semi-normal solutions used in the experiments, the first stage of the

dissociation H2S04
= H" + HS04

'

amounts to roughly 80 per cent, and
the second stage, HS04

' = H* + S04", to about 15 per cent. By the

action of the first mole of caustic soda, the normal heat of neutralisation,

57 kj, is first of all developed ;
the excess of 5 kj is due to the dissocia-

tion of a further portion of the HS04'-ion into H' + S04

"

owing to the
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consumption of hydrion. On neutralisation with the second mole
of caustic soda, the dissociation becomes complete, since the neutral
solution contains only S04"-ion, and the excess of 12 kj above the normal
value is due to this dissociation.

The appropriate experiments for the exact calculation of the heats

of dissociation are as yet wanting, and it can only be asserted that in

both stages the dissociation in the case of sulphuric acid takes place
with considerable development of heat, viz. 20 to 40

Jcj.

F. Other Oxygen Acids of Sulphur

336. Persulphuric Acid. On electrolysing a dilute solution of

sulphuric acid, hydrogen and oxygen are evolved in the same propor-
tions in which they form water, hydrogen being evolved at the cathode
and oxygen at the anode. For this reason the process was for a long
time looked upon as if water were the electrolyte, and the purpose of

the sulphuric acid only to make the water a better conductor. Apart
from the fact that no reason is known why the sulphuric acid should
make the water a better conductor, it is now known that in solution

the ions 2H' and S04
"
of sulphuric acid are present to a preponderat-

ing extent and effect the conduction.

According to this, the formation of hydrogen at the cathode is

easily understood. The formation of oxygen is most simply (although

perhaps not quite correctly) explained by assuming that the ion SO/
is discharged at the anode. Since a chemical compound S04 (as non-

ion) does not exist, interaction takes place with the water present with

regeneration of sulphuric acid and evolution of oxygen

2S04+2H2
= 2H2S04 + 2 .

Support is given to this view by the behaviour of more concentrated

sulphuric acid on electrolysis. If such an acid with a concentration

of about 50 per cent is subjected to the action of the electric current,

being kept cool the while, hydrogen appears as before at the cathode.

At the anode, however, no oxygen makes its appearance, but the

sulphuric acid becomes mixed with a new compound which has

different properties, and, in the pure state, proves to be an acid of

the formula H2S2 8 .

The formation of this substance, persulphuric acid, is explained as

follows. In the concentrated solution, the sulphuric acid is essentially
dissociated in accordance with the first stage into H' and HS04'. The
ion HS04

'

is discharged at the anode and passes into persulphuric acid

H2S2 8 ,
its molar weight being doubled. The formation of this acid

takes place still more readily by the electrolysis of one of the acid salts

instead of sulphuric acid. These likewise yield the ion HS04', e.g.

NaHS04
= Na' + HS04'. The potassium salt of persulphuric acid,

Y
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more especially, is rather sparingly soluble, and on electrolysis of the

acid sulphate soon separates out as a crystalline mass.

This experiment is best performed in the apparatus shown in Fig.
96. The inner cylinder and the tube placed in it contain as strong
a solution as possible of acid potassium sulphate ;

while the outer

vessel serves to contain a freezing mixture.

Persulphuric acid and its salts readily lose oxygen and pass into

sulphuric acid and sulphates respectively. They therefore act as

oxidising agents, and as such they have a manifold technical applica-
tion. Their oxidising action can be shown by adding them to a

solution of potassium iodide. Free iodine separates out according to

the equation

which can be recognised by the solution becoming of a brown colour.

FJG. 96.

337. Hydrosulphurous Acid. Besides the acid already described,

sulphur forms with oxygen and hydrogen a large number of other

compounds, all of which have acid properties. Some of these are of

considerable technical and scientific importance ;
others have, as yet,

found no notable application.
As the lowest stage, there may, in the first place, be mentioned

hydrosulphurous or hyposulphurous acid. 1 The zinc salt of this is

formed by the action of metallic zinc on sulphurous acid, in accordance

with the equation
2S02 + Zn = ZnS2 4 .

According to this, the free acid (not known in the pure state) would

have the formula H2S2 4 .

1 Since the name hyposulphurous acid is also used for the acid to be discussed

presently, thiosulphuric acid, it is more expedient to retain the designation hydrosul-

phurous acid, although it is not formed in accordance with the systematic'nomenclature.
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The most striking property of the ion S2 4
"

is its quick reducing
action. Its total action cannot, of course, be greater than that of

zinc, which was used to reduce the sulphurous acid
;

it is, however,

distinguished from zinc by the velocity of its action on many sub-

stances. Thus, for example, gaseous oxygen is almost instantan-

eously absorbed by the solution, and it is therefore used for the volu-

metric determination of the free oxygen dissolved in water or other

liquid. As indicator in such determinations, the organic colouring
matter indigo is used

;
this is reduced by hydrosulphurous acid

to a colourless compound, but its original blue colour is restored by
oxygen.

338. Thiosulphuric Acid. Just as the ion SO/ of sulphurous
acid readily takes up oxygen and passes into the ion of sulphuric acid,

S04", so also in contact with sulphur it takes up one combining weight
of that element and is transformed into the ion S2 3", which is known
as that of thiosulphuric acid or as thiosulphanion. It can be regarded
as having a constitution similar to that of sulphuric acid by supposing
that the atom of sulphur taken up

"
enters at the same point

"
or

assumes the same function as the last atom of oxygen in the sulphuric
acid. Even although such a view contains much that is in-

definite, still it gives expression to some of the relationships found by
experiment.

One very striking fact is the instability of free thiosulphuric acid,

or, in other words, the incompatibility of the ions S2 3

"
and H'. As

has been already mentioned, the sodium salt is very readily formed by
the action of sulphur on sodium sulphite ;

it is only necessary to warm
a concentrated solution of this salt with sulphur in order immediately
to bring about the reaction

If, however, the solution is acidified, turbidity occurs after a few

moments, owing to the separation of sulphur and formation of

sulphurous acid

The reaction is fairly sensitive to hydrion ;
it is brought about even

by the quite small amounts yielded by weak acids. For this reason,

perfectly clear solutions of sodium thiosulphate soon become turbid

not only on the addition of a few drops of some acid, but even by
the action of the weak carbonic acid (vide infra) contained in the air,

which acts in the same way. Such solutions, therefore, cannot be

kept clear if the air is allowed access, and although the action is a

slow one, still the easily recognisable bluish-white turbidity, due to

traces of sulphur which have separated out, makes its appearance
after some time hours or days.

The decomposition is retarded or wholly prevented by the presence
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of sulphites. The greater the amount of sulphite present, the more

hydrion may be added, i.e. the more strongly may the solution be

rendered acid without sulphur separating out. *-

The explanation of this behaviour is found if we consider the equa-
tion of the reaction taking place between the ions present, which runs

There is thus formed the primary ion of sulphurous acid along with

sulphur ; and, since this ion is fairly stable, the reaction takes place

essentially in the sense of the equation, from left to right, until the

concentration of the hydrion has become very small.

If, however, the concentration of the hydrosulphosion is increased,

a larger quantity of hydrion is required in order that the equilibrium

may exist, i.e. the solution can contain a definite amount of acid with-

out sulphur separating out. On this depends the protective action

which is exercised by the addition of sulphurous acid or sodium sulphite
to thiosulphate ;

the solution can be all the more strongly acidified,

the greater the amount of sulphite it contains.

A further remarkable property of the process is that it requires
an appreciable time. If dilute solutions (say 0-1 normal) of sodium

thiosulphate and hydrochloric acid be mixed, the liquid remains, at

first, quite clear, and only after half a minute does a turbidity, due to

separated sulphur, suddenly appear. The more dilute the solutions,

the longer is the time required ; also, the time increases as the tempera-
ture sinks.

This phenomenon must by no means be interpreted as if the thio-

sulphuric acid remained a certain time unchanged in the solution

and then underwent a sudden decomposition. On the contrary, it

has been shown that the decomposition begins immediately the liquids
are mixed. The sulphur formed, however, remains at first in solution,

and only after it has reached a definite concentration, or has experienced
a definite change of condition, does the visible reaction of the separation
of white drops of sulphur occur.

As was to be expected (p. 284), the separated sulphur is at first

amorphous ;
it has, however, other properties from the amorphous

sulphur prepared by sudden cooling.

The best-known thiosulphate and the one most used, is that of

sodium, Na2S2 3.5H20. It is prepared in large quantities, partly by the

method given, chiefly, however, from the waste products obtained in the

manufacture of coal-gas, in a manner which cannot be explained here.

The application of the thiosulphates depends partly on its solvent

power for the salts of heavy metals, which will be explained later (vide

Chaps. XXXVIII. and XLVI.), and partly on the fact that it is a reduc-

ing agent. By chlorine, thiosulphate is first oxidised to sulphate and

sulphur
Na2

S2 3 + CLj + H2
= Na2S04 + 2HC1 + S.
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An excess of chlorine also converts the sulphur to sulphuric acid

S + 3C12 + 4H2
=H2S04 + 6HC1.

A large quantity of free chlorine, therefore, can be destroyed, i.e.

converted into chloridion, by this salt. It is therefore used to remove

the excess of chlorine from fibres and textile fabrics bleached by it,

since such excess would have a destructive action. By reason of this

application it has received the name antichlor.

The products of oxidation of the thiosulphate, and any excess of

the latter, are removed from the woven and spun materials by the

efficient washing whiclris necessary. In the case of the dechlorina-

tion of bleached paper fibre, however, an excess of the salt generally
remains behind, and hence many kinds of writing paper and paste-
board contain sodium thiosulphate. A knowledge of this fact is of

importance in some cases.

Thiosulphate undergoes another kind of oxidation by means of

free iodine. This process takes place according to the scheme

2Na2S2 3 + 1
2
= Na2S4 6 + 2NaI,

or, if we write the ions,

There is produced, therefore, not sulphanion, but a new divalent ion,

tetrathionanion, S4 6". The corresponding acid is called tetrathionic

acid. This acid will be discussed at a later point along with related

substances
;

at present we are interested in the transformation of the

thiosulphate.
The process takes place with great quickness and sharpness, and

on it, therefore, a splendid method of volumetric analysis can be based.

In the first place, free iodine can be determined by means of a titrated

solution of sodium thiosulphate. Further, the method can be used

to determine the amount of all substances which liberate a proportionate
amount of iodine from potassium iodide, e.g. chlorine or bromine. Finally,

it can be employed for the determination of all substances which bind

free iodine, by allowing these to act on a known amount of iodine

dissolved in potassium iodide and titrating the excess with thio-

sulphate.
The value of the method depends not only on the variety of its

applications, but also very materially on the fact that an aqueous
solution of thiosulphate, although it is a powerful reducing agent, is

not, or, rather, is only exceedingly slowly, oxidised by the free oxygen
of the air. One could, of course, perform the analyses just described

with sodium sulphite in place of thiosulphate, but, in this case, there

is the difficulty produced by the great liability of this solution to change
in the air, which makes the method less convenient and therefore

less exact.
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As can be seen from an examination of the equation 2S2 3
" + 12

=
S4 6

" + 21', neither hydrion nor hydroxidion is produced or used up in

the reaction between iodine and sodium thiosulphate. That is to say,

the solution remains neutral, if it was previously neutral, or, if it was

previQusly acid, it retains its degree of acidity.
1 It is of importance

that one should pay attention to this fact, since it occasionally finds

application in analysis.

339. Polythionic Acids. Further, sulphur forms, with oxygen,
a series of bivalent anions, S2 6", S3 6", S4 6",

and S5 6",
which show

a certain amount of agreement in their composition. The correspond-

ing acids are called :

Dithionic acid, H2S2 6 . Tetrathionic acid, H2S4 6 .

Trithionic acid, H2S3 6
. Pentathionic acid, H2S5 6

.

For every two atoms of hydrogen and six of oxygen, these acids contain

from two to five atoms of sulphur. In the names of the acids the

latter numbers are expressed by the Greek numerals.

All the
"
polythionic acids," as they are collectively called, are

readily decomposable substances, which are known only in dilute

aqueous solution, but not in the free state. On standing some time

they undergo decomposition in solution in accordance with the equation

H
2Sm 6 +H2

=H
2S03 + H2S04 + (m

-
2)S,

that is to say, they yield sulphurous and sulphuric acids and sulphur.

Only dithionic acid gives the first two substances alone, without separa-
tion of sulphur, since in this case m = 2. These reactions take

place with the aqueous solutions both of the free acid and of the salts.

At the ordinary temperature, however, the velocity is not great, but

the reaction can be completed in a few moments by a suitable

elevation of temperature. The salts thereby pass into sulphates,
whereas sulphur dioxide escapes, and, as the case may be, sulphur

separates out. This occurs in accordance with the equation

Na2Sm 6
= Na2S04 + S02 + (m - 2)S,

where the sodium salt is taken as an example.
340. Dithionic Acid. The preparation of the above substances

varies from case to case. Dithionanion, also called hyposulphanion or

ion of hyposulphuric acid, is obtained in the form of its manganese salt

by passing sulphur dioxide into cold water in which finely powdered
manganese dioxide is suspended. Whereas, at higher temperatures,

only manganese sulphate is hereby formed (Mn02 + S02
= MnS04), by

careful action at lower temperatures, manganese dithionate is formed,

in accordance with the equation

Mn02 + 2S02
= MnS2 6 .

1 The liquid cannot be alkaline, because free iodine cannot exist along with alkali.
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The salt is soluble in water, and the progress of the reaction can be

followed by means of the gradual disappearance of the dark grey

manganese peroxide.
To obtain the free acid from the manganese salt, barium hydroxide

is added to the solution. Manganese hydroxide is precipitated, and by
evaporating the solution and crystallisation the barium salt of dithionic

acid can be obtained pure.
1 On decomposing a solution of this salt

with dilute sulphuric acid, sparingly soluble barium sulphate is pre-

cipitated (p. 318), and free dithionic acid remains in solution.

When, as in the present case, different products can be formed
from given substances, those which are least stable are first formed.
This important and general law has already been discussed in the case

of the action of chlorine on solutions of caustic soda
;
the present case

is another example of the law. If it were not for the action of this law,
we should have no opportunity of becoming acquainted with unstable

compounds.
The aqueous solution of dithionic acid has a strong acid taste and

reaction. On attempting to concentrate it by evaporation it very
soon begins to smell of sulphur dioxide, and at the same time it contains

sulphuric acid. The decomposition of this acid takes place in accord-

ance with the equation

H
2S2 6 +H2

=H
2S03 + H2S04 ,

and all the more quickly the more concentrated the solution. A
characteristic precipitant for the ion S2 6

"
is not known, since all its

salts are soluble. Its identification and determination depend on its

transformation into sulphurous and sulphuric acids, without separation
of sulphur.

341. Trithionanion. Salts of this ion are obtained by various

reactions, the most readily understood of which is the oxidation of a

sulphite and thiosulphate with iodine

S03
"
+ S2 3

"
+ 12

= S3 6

"
+ 2F.

In dilute aqueous solution this acid is also little known, since it very
quickly undergoes decomposition into sulphurous and sulphuric acids

and sulphur

H
2S3 6 +H2

-H
2S03 + H2S04 + S.

Here, also, we have the case that the ion S3 6

"
is fairly stable in neutral

solution, i.e. in the absence of hydrion, whereas it immediately under-

goes decomposition in the presence of the latter. The reason of this

is again to be sought for in the fact that in the second case more stable

compounds can be formed, for whose formation hydrion is required.

1 In this reaction, some sulphate is always formed along with the dithionate. On
treating with barium hydroxide, the former is precipitated as sparingly soluble barium

sulphate, and the solution contains pure dithionate.
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342. Tetrathionanion. The formation of the sodium salt of this

ion in the action of iodine on sodium thiosulphate has already been

described (p. 325). For the purpose of preparing the free acid lead

thiosulphate is used. This is decomposed with the calculated quantity
of iodine according to the equation

2PbS2 3 + 21 = PbS4 6 + PbI2 .

Exactly as in the corresponding reaction with the sodium salt, there

are formed lead tetrathionate and lead iodide. The former passes
into solution, the latter separates out. From the filtered solution,

lead is precipitated as sparingly soluble lead sulphate by the careful

addition of dilute sulphuric acid, while the tetrathionic acid remains

in solution.

This solution has a strongly acid taste and reaction, and is much less

stable than that of dithionic acid. Sulphur soon separates from the

solution, which simultaneously evolves sulphur dioxide and contains

sulphuric acid. The decomposition ensues according to the equation

H
2S4 6 + H2

=H2S03 + H2S04 + 28.

343. Pentathionic Acid. This is obtained by passing hydrogen

sulphide into an aqueous solution of sulphurous acid. Whereas one

portion of the substances simply undergoes transformation to sulphur
and water, according to the equation

another portion forms pentathionic acid and water, according to the

equation
10H2S03 + 5H2S - 3H2S5 6 + 12H20.

By filtration, a portion of the sulphur can be separated. The other

portion, however, is present in such a fine state of division, in what is

called colloidal solution, that it behaves almost like a dissolved substance,

and is not retained by a filter. By preparing a salt of pentathionic
acid from this solution, recrystallisation, etc., pure salts of pentathion-
anion can be obtained. We shall, however, not enter here on a de-

scription of the very troublesome methods by which this object is

attained.

Pentathionic acid is also unstable, and readily decomposes into

sulphurous acid, sulphuric acid, and sulphur.
Solutions containing one of the higher polythionates soon undergo

transformation in such a way that other thionates are produced.
Thus, e.g., the trithionate passes into dithionate and tetrathionate.

For the sodium salts, the equation is simply 2Na2S3 6
= Na2S2 6 +

Na2S4 6 ; similarly for the other salts. It is, therefore, very difficult

to obtain these compounds in the pure state.
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G. Halogen Compounds of Sulphur

344. Chlorides of Sulphur. If a current of dry chlorine be

passed over sulphur gently warmed in a retort, a red-brown liquid is

formed, which distils over at 138 and has a very unpleasant smell.

This is a chlorine-compound of sulphur ;
its composition is expressed

by S2C12 , and it is called sulphur monochloride. It freezes at - 75.

Sulphur monochloride is a solvent for sulphur, of which it dissolves

large quantities. The more volatile monochloride can be again separ-
ated from the less volatile sulphur by distillation. The monochloride

is decomposed in moist air, and, in general, by water
;

the chlorine is

converted into hydrochloric acid, while the sulphur partly separates
out as such, and partly forms sulphurous and thiosulphuric acids. The
relative amounts of these two vary regularly with the amount of

water, and the process can, therefore, not be represented by an

equation with definite coefficients.

Sulphur monochloride is employed in the arts for vulcanising
caoutchouc. By the absorption of sulphur the latter becomes more
elastic and resists changes of temperature better.

If more chlorine is passed into sulphur monochloride, it is absorbed ;

in varying amounts, however, depending on the temperature and

pressure, there being formed, first, the compound SC12 ,
and then, SC14 .

Sulphur dichloride is readily decomposable ; and boils at 59. Sulphur
tetrachloride is similar in appearance to the other chlorides ;

it melts

at -30, and partially decomposes at the ordinary temperature into

the monochloride and free chlorine.

The other halogens also form compounds with sulphur. Thus

sulphur monobromide, S2Br2 , corresponding to sulphur monochloride, is

known as a red-brown liquid which readily undergoes decomposition.
With fluorine, sulphur combines to form gaseous sulphur fluoride, SF6 .

This is colourless and solidifies at - 55
;
and its melting point and

boiling point are very close to each other. Strange to say, the gas
is odourless, and it is characterised by great chemical inertness.

345. Chlorides of Sulphuric Acid. On neutralising a base with

hydrochloric acid, the chloride of the metal present is formed along
with water, in accordance with the equation MOH + HC1 = MC1 +
H20. This process may be regarded, formally, as if hydroxyl were

replaced by chlorine, and we may ask if other hydroxyl compounds
cannot experience a similar replacement.

In sulphuric acid, now, as in all oxygen acids, the hydrogen can

be assumed to be united to oxygen to form hydroxyl. The suitability
of this assumption is seen from the fact that the actual reactions of

this substance are in agreement with it.

Thus, in fact, derivatives of sulphuric acid are known which have

the same relation to it as the metal chlorides have to the metal

hydroxides, and which, therefore, support the assumption that in
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sulphuric acid hydrogen and oxygen are united together, forming

hydroxyl.
A "

proof
"

of this assumption is not given by those compounds.
The actual phenomenon is that the elements and H are eliminated

in the proportions OH, and Cl simultaneously enters. It cannot,

however, be asserted that these two elements, in order that they may
be simultaneously eliminated, must previously have been united, for

there are numerous cases in which such an assumption cannot be

sustained. The sole purpose of this assumption, therefore, is to state

that the reaction in question often and easily occurs.

On such relations all the so-called
"
constitutional formulae

"
of

substances are based. These are a short expression for the chemical

reactions actually observed. Since the latter, however, depend on

other conditions besides- the chemical nature of the substances e.g.

on temperature, pressure, presence of other substances it is to be

anticipated that a definite constitutional formula can represent the

behaviour of the given substance only within a definite range, and

will prove all the less satisfactory the more deeply and compre-

hensively the chemical behaviour of the substance is known.

Such diversity can, if necessary, be expressed by the assumption
of several constitutional formulae

;
but this is only a makeshift. For

the complete representation of the chemical behaviour a numerical

characterisation of the mutual relations of all the transformation

products of the substance would be necessary. From such a stand-

point the chemistry of the present day is still very far removed.

If sulphuric acid be written as a hydroxyl compound, we obtain

the formula S02(OH)2 . The atomic group S02
is called sulphuryl,

and the two possible chlorine derivatives would have the following

formulae and names :

S02(OH)C1, Sulphuryl hydroxychloride,
S02C12 , Sulphuryl chloride.

The first name is not used as being too long ;
the first compound,

which still contains one acid hydrogen, is called chlorosulphonic acid. 1

Chlorosulphonic acid is obtained from sulphur trioxide and

hydrogen chloride, which combine on being gently heated

S03 + HC1 = S02(OH)C1.

It forms a colourless liquid of density 1-7, and boils at 152.

Chlorosulphonic acid fumes in moist air, because it undergoes
transformation with the aqueous vapour to difficultly volatile sulphuric
acid and hydrochloric acid

S02(OH)C1 +H2
=H

2S04 + HC1.

1 The name is due to the fact that in organic chemistry numerous compounds of

sulphuric acid are known of the formula E.S02OH (where E is a compound "radicle"),
which are called sulphonic acids.
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This reaction, viz. the re-formation of the original acid from its

chloride by the action of water, is a general reaction of the acid

chlorides.

In this respect the acid chlorides differ essentially from the

metal chlorides, with which they have a formal similarity (p. 330).

Whereas metallic hydroxides undergo transformation with hydrochloric
acid to metallic chlorides and water, the acid chlorides, on the other

hand, undergo transformation with water to hydroxide and hydro-
chloric acid. The reaction, KC1 +H2

=K . OH + HC1, proceeds in

the first case from right to left, in the second case from left to right.

If, now, we remember that, in principle, no chemical reaction can

be complete, we can say that the two cases differ from each other essenti-

ally in the fact that the one or other side of the equation of reaction

predominates. Or, as we can say with reference to what was set forth

on p. 275, the acid chlorides undergo almost complete hydrolysis with

water.

While previous remarks dealt with the reactions of the particular
substances with a small amount of water, the processes which take

place on solution in much water must also receive special consideration.

Under these conditions, ion formation can occur, and, in general, those

reactions take place in which specially stable ions are formed. Among
the chief of these, chloridion must be reckoned.

On decomposing chlorosulphonic acid with much water there occurs

the reaction

S02(OH)C1 + H2
= H'2S04

"
+ ITC1',

i.e. the ions of sulphuric and hydrochloric acids are formed. Since

these two acids are largely dissociated into ions, i.e. form very stable

ions, this reaction is practically complete.
The decomposability of the chloride by water is therefore in-

creased, owing to the corresponding acid being able to form stable

ions.

In accordance with these considerations, it must be regarded as

possible that hydroxides exist which stand between acids and bases in

such a way that the two sides of the equation of reaction to some
extent counterbalance each other. They will, therefore, under

certain conditions, act as acids
;
under other conditions as bases.

We shall soon have an opportunity of indicating such substances

(Chap. XVI.).
The second chloride of sulphuric acid, sulphuryl chloride, S02C12 ,

is produced by the direct combination of sulphur dioxide and chlorine.

The reaction does not take place very quickly, but is greatly accelerated,

catalytically, by the presence of camphor (an organic substance). It

is obtained as a colourless, very mobile liquid, having the density 1-67

and boiling at 69. The fact that the boiling point of sulphuryl
chloride is so much lower than that of chlorosulphonic acid is an
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example of the general rule that the boiling point of the chlorine com-

pounds is always considerably lower than that of the corresponding

hydroxyl compounds. The same is seen on comparing chlorosulphonic
acid (boiling point 152) with sulphuric acid (boiling point 340).

Sulphuryl chloride fumes only slightly in the air, because it reacts

much more slowly with water than chlorosulphonic acid does. The

latter compound is formed by the action of a small quantity of water

S02C12 + H2
= S02(OH)C1 + HC1; with much water, sulphuric and

hydrochloric acids are formed S02C12 + 2H2
=H

2S04 + 2HCL
As the decomposition of sulphury! chloride by much water takes

place much more slowly than that of chlorosulphonic acid, it looks as

if the former passed directly into sulphuric and hydrochloric acids

without passing through the intermediate stage of chlorosulphonic acid.

For the chlorosulphonic acid which is formed undergoes decomposition
so quickly that at no time during the reaction can any considerable

amount of it be detected.

Similar relations are often found. In all cases, therefore, where

existing intermediate stages are apparently passed over, it must be

borne in mind that they may escape observation owing to differences

in the velocity of reaction, as in the above case.

Besides the two chlorides of sulphuric acid, a chloride of pyrosul-

phuric acid pyrosulphuryl chloride, S2 5C12 is also known. It is

obtained by withdrawing the elements of water (by means of phos-

phorus pentoxide) from chlorosulphonic acid, 2S02(OH)C1
- H

2
=

S2 5C12 . It is a liquid similar to chlorosulphonic acid, only more

viscous and having a greater density. Its density is 1-82, and its

boiling point 142. Its vapour, on being heated, decomposes into

sulphur trioxide, sulphur dioxide, and chlorine.

With water, pyrosulphuryl chloride reacts in a manner similar to

the other chlorides of sulphuric acid. The reaction does not appear so

violent as in the case of chlorosulphonic acid because it takes place
more slowly.

H. Combining Weight of Sulphur

346. Since sulphur forms a large number of compounds which can

be analysed with exactness, very varying methods have been employed
for the determination of this important combining weight. The most

exact number was obtained by Stas by determining the ratio in which

silver united with sulphur to form silver sulphide. On the other hand,

by determining the amount of silver which can be obtained from a

weighed quantity of silver sulphate, he obtained the data necessary
for the independent calculation of the desired number.

For example, by heating 59-4225 gm. of silver in sulphur vapour
68-2482 gm. of silver sulphide were obtained : the two weights are in

the ratio 1 : 1-1485. Further, 81-023 gm. of silver sulphate yielded
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56-071 gm. of silver on being converted into this by heating in a current

of hydrogen, in accordance with the equation Ag2S04 + H2
= H

2S04 +

2Ag. Since in silver sulphide, Ag2S, the ratio of silver to sulphur is

the same as in silver sulphate, there correspond to the amount of silver

found, 64-3985 gm. of silver plus sulphur, or 8-3275 gm. of sulphur, and

the remainder, 16-6245 gm., is oxygen. Since in silver sulphate there

are four combining weights of oxygen to one of sulphur, we have the

proportion 4 x 16 : x = 16-6245 : 8-3275, and x = 32-06. The mean value

of all such determinations has given the number, 8 = 32-07.



CHAPTER XVI

SELENIUM AND TELLURIUM

347. General, Similarly to the triad chlorine, bromine, and iodine,

the elements of the sulphur group also form a trinity of similar sub-

stances whose properties vary regularly with increasing combining

weight. The analogy of the combining weights is seen, in the first

place, from the following table :

Chlorine . . 35-46 Sulphur . . 32-07

Bromine : 79-92 Selenium . . 79-2

Iodine . . 126-92 Tellurium . . 127-5

As can be seen, the combining weights of the corresponding
members of the two groups are very nearly the same. Whereas, how-

ever, sulphur and selenium have rather smaller values than chlorine and

bromine, the relation is reversed in the case of iodine and tellurium.

A similarity also exists between the two groups in the fact that the

first elements in each, chlorine and sulphur, occur very widely dis-

tributed in nature, while the other two pairs are relatively sparingly
found. Further similarities will become apparent in describing
selenium and tellurium.

348. Selenium was discovered in the year 1817 by Berzelius in

the deposit of a sulphuric acid manufactory at Gripsholm. It is an

element, which, like sulphur, can exist in different allotropic forms.

Precipitated from aqueous solution, it is obtained as an amorphous red

substance, and, with very dilute solutions, is got in the colloidal state,

i.e. it is apparently in solution and passes through a filter.

From comparatively concentrated solutions, selenium is obtained as

a bright red precipitate which, even under the influence of the tempera-
ture of boiling water, cakes together to a dense, black-red mass. At
217 selenium melts and forms a dark, viscous liquid which solidifies,

on being quickly cooled, to an amorphous mass of a black-red colour,

which breaks with a conchoidal fracture. If this amorphous selenium

be kept some time at a temperature of 100 to 150 it becomes crystal-

line and grey, with a somewhat metallic lustre. At 650 it boils.

334
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Whereas the amorphous selenium does not conduct the electric

current to a measurable extent, the property of conductivity is

possessed by the crystalline form.

In this connection the special peculiarity is met with, that the

electrical conductivity of crystalline selenium depends on the illumina-

tion which it experiences. Its conductivity is all the greater the

stronger the light which it receives. On altering the strength of the

light, these changes occur in an exceedingly short time, and have,

therefore, found practical application to the electrical transmission of

signals. It has not yet been determined on what this peculiarity

depends, but it appears that traces of foreign substances, more

especially of the selenium compounds of the heavy metals which
are mixed with selenium, play a great part.

In its compounds, selenium greatly resembles sulphur, for hydrogen
selenide, selenious acid, and selenic acid are not only constituted

analogously to the corresponding sulphur compounds, but, in part also,

have a similar behaviour. From the special description of the different

substances, these similarities and differences will become apparent.
The combining weight of selenium is Se = 79-2.

Hydrogen selenide, H2Se, is a colourless gas with a very unpleasant
smell, recalling that of decaying radish. It is very poisonous, and calls

for special care in working with it. It readily dissolves in water in

large amount. The solution has a feebly acid reaction, and in contact

with the air red selenium quickly separates out, the hydrogen of the

seleniuretted hydrogen combining with the oxygen of the air to form
water 2H2Se + 2

= 2H2 + 2Se.

Hydrogen selenide is the hydrogen acid of selenium in the same
sense as hydiogen sulphide is the hydrogen acid of sulphur ;

its

aqueous solution contains the ions Se" and HSe', both of which are

colourless. The salts of hydrogen selenide are the metallic selenides.

By reason of the two combining weights of hydrogen, seleniuretted

hydrogen is dibasic, and its salts, therefore, contain either two com-

bining weights of a univalent metal or one combining weight of a

bivalent one, etc. Seleniuretted hydrogen can be obtained by the

action of stronger acids on metallic selenides. The method usually

pursued is to prepare ferrous selenide, FeSe, by heating selenium with
iron filings, and to treat this with hydrochloric acid. In a manner

perfectly analogous to the preparation of sulphuretted hydrogen (p.

298), ferrous chloride and seleniuretted hydrogen are formed in accord-

ance with the equation

FeSe + 2HC1 =H2Se + FeCl2 .

From the solutions of the different heavy metals, seleniuretted

hydrogen precipitates the corresponding selenium compounds as red or

dark coloured substances. The compounds of selenium with sodium
and similar metals are, however, readily soluble in water. In the air,
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these decompose similarly to seleniuretted hydrogen, so that after

some time a red precipitate of selenium is deposited from their solu-

tions. This property is made use of for the purpose of obtaining or of

purifying selenium. The crude material is fused with sodium hydroxide
(or with sodium carbonate, which acts in a similar manner), and the

filtered solution of the melt is exposed in shallow vessels to the air.

The poisonous action of hydrogen selenide mentioned above,

depends essentially on its ready decomposability by oxygen. Selenium

thereby separates out in the tissues in a finely divided form, and acts

both chemically and mechanically as an irritant.

349. Isomorphism. The selenium which separates out under

the influence of the oxygen of the air on soluble metallic selenides is

crystalline, and, on closer examination, it is found to exhibit the same

crystalline forms as monoclinic (prismatic) sulphur, which separates
out from the fused mass. Further, elementary selenium occurs in some
of the naturally occurring kinds of sulphur ;

it is mixed uniformly with

or dissolved in the sulphur, and imparts a rather dark, reddish colour

to it. Lastly, a large number of corresponding compounds of the two
elements exist, having the same crystalline form and capable of forming

homogeneous
"
mixed crystals" i.e. crystals the composition of which is

not governed by the laws of stoichiometry, but which, like that of

solutions, can exhibit every relation within definite limits. This is

contrary to the ordinary behaviour of substances which otherwise

always crystallise out side by side, so that pure crystals of the one kind

are found side by side with pure crystals of the other kind.

These facts are embraced under the conception of isomorphism

(identity of form). In the first place, two substances are called iso-

morphous when they have the same crystalline shape and can form mixed

crystals. Thus sulphur and selenium are isomorphous in respect
of their monoclinic forms; for the two elements not only crystallise

separately in like shapes, but when they together pass into the solid

state they form mixed crystals of varying composition, which is

determined essentially by the relative amounts of the two elements

in the mother liquor.

When one of the two isomorphous substances has the property of

crystallising in different forms, the other substance has often the same

property, and the different forms are alike in pairs. Thus it is to be

expected that there should be a rhombic form of selenium correspond-

ing to the rhombic form of sulphur, for such a relationship is found in

many other cases. Such a form of selenium, it is true, is not known,
but naturally occurring rhombic crystals of sulphur are found which

contain more or less selenium. Selenium is, therefore, capable of

forming mixed crystals with rhombic sulphur, and from this it may be

concluded as probable that a rhombic form of selenium exists, although
it is perhaps so little stable under the conditions hitherto employed
that it has not yet been possible to observe it.
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Elements which in the free state are isomorphous with one

another, have the further peculiarity that their corresponding com-

pounds with other elements are usually isomorphous. Thus, for

example, almost all the salts of sulphuric acid have the same crystalline
forms as the corresponding salts (i.e. containing the same metals and

having a similar formula) of selenic acid. Such relationships are

often found, and they are also sometimes met with in cases where no

isomorphism of the elements is known. Hence a wider conception of

isomorphism has been developed, and the term isomorphous in the wider

sense is applied to those elements which, while not themselves iso-

morphous, form isomorphous compounds of like constitution. Of this kind

of isomorphism, also, several examples will be cited later.

Since isomorphism and similarity of constitution go hand in hand,
the fact of isomorphism can be used in doubtful cases to give a clue

to the formulation of the compounds of new elements, i.e. to the choice

of the most suitable combining weight from among the possible

multiples (p. 171). In former times, especially, the relationships of

isomorphism were of great service in this direction.

In drawing such conclusions, however, it is necessary carefully to

satisfy one's self that isomorphism is really present. Identity of tl^e

crystalline system, and the possibility of expressing the forms of the

two substances by the same crystallographie constants within the error

of experiment, are not sufficient for the purpose, since chance agree-
ment could not be excluded in this way. A sure criterion of actual

isomorphism is given, if, along with the identity of shape, the property
of forming mixed crystals can be demonstrated.

350. Selenious Acid. When selenium is heated in the air or in

pure oxygen, it takes fire and burns with a blue-white flame, forming
selenium dioxide, Se02 . At the ordinary temperature this compound,
unlike sulphur dioxide, is not a gas, but a solid crystalline substance.

Only on being heated does it volatilise, without melting, and pass into

a vapour of the colour of chlorine.

Selenium dioxide, further, is formed by treating selenium with any

oxidising agent. As a rule, it is obtained by heating selenium with

nitric acid, evaporating to dryness, and subliming the residue.

Selenium dioxide dissolves in water and yields an acid liquid

which contains selenious acid, H2Se03 . By evaporation, this com-

pound can be obtained in transparent crystals which, on being heated,

lose water and pass into selenium dioxide.

Selenious acid is not a reducing agent like sulphurous acid. On
the contrary, it readily gives up its oxygen, and elementary selenium

separates out. Thus, for example, it is reduced even by the organic
matter which is usually present in the dust of the atmosphere, and,

for this reason, the mouths of the vessels in which selenious acid is kept
are generally covered with a crust of red selenium, and the prepara-
tion itself assumes, in course of time, a reddish coloration.

z
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The reduction of selenious acid to selenium takes place very easily
and smoothly by means of sulphurous acid, in accordance with the

equation H
2Se03 + 2H2S03

= Se + 2H2S04 + H20. The selenium first

separates out in the colloidal state, a red-coloured, transparent liquid

being formed. On standing some time, quickly if heated, selenium

separates out as a brown-red precipitate. This phenomenon can be

used for identifying selenious acid and its salts.

351. Selenic Acid. Powerful oxidising agents' are required in

order to convert the anion of selenious acid to the highest stage of

oxidation of selenium, viz. the ion of selenic acid Se04". The sodium

salt is obtained by fusing sodium selenite with sodium nitrate. The
latter yields up one combining weight of oxygen, by which the former

is oxidised : Na
2Se03 + = Na2Se04 .

The free acid is most easily obtained by treating silver selenite

with bromine. Silver bromide and selenic acid are formed in accord-

ance with the equation Ag2Se03 + H2 + Br
2
=H2Se04 + 2AgBr. In

order to carry out this reaction, the silver salt is covered with water,

and bromine added, with shaking, so long as its colour disappears.
The aqueous solution of selenic acid can be concentrated by

evaporation and a thickish liquid is finally obtained which has the

density 2-6 and the general appearance of concentrated sulphuric
acid. The pure acid solidifies to crystals which melt at 58

;
the melt-

ing point is greatly lowered by quite small quantities of water. A
crystalline hydrate, H2Se04 + H20, melting at 25, is also known.

Selenic acid is distinguished from sulphuric acid by its powerful

oxidising action
;

it readily dissolves the noble metals and evolves

chlorine with hydrochloric acid, thereby passing into selenious acid

H2Se04 + 2HCl =H2Se03 + Cl2 + H20. The salts of selenic acid are

isomorphous (p. 336) with those of sulphuric acid, and also exhibit

similar solubility relations. For example, its barium salt is just as

sparingly soluble as barium sulphate, and the salts of the two acids

can, therefore, be readily confounded. In order to identify selenic

acid in presence of sulphuric acid, the liquid is previously treated with

a reducing agent. The former is thereby reduced to selenious acid or

selenium, while the sulphuric acid remains unchanged, and can be

determined as such.

352. Chlorinei Compounds of Selenium. Of the remaining

compounds of selenium, selenium tetrachloride has still to be mentioned.

It is a white, crystalline substance with the formula SeCl4 ,
and is easily

prepared by heating selenium in a current of chlorine. On being

heated, it is converted into vapour without previous fusion. With
water it forms selenious and hydrochloric acids, in accordance with the

equation SeCl4 + 3H2
=H

2Se03 + 4HC1.

Compared with sulphur tetrachloride (p. 329), which is exceedingly

easily decomposed, the corresponding selenium compound may be termed

a very stable substance. This increase in the stability of the chlorine
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compounds forms a marked contrast to the decrease of the stability of

the corresponding oxygen and hydrogen compounds.
Besides selenium tetrachloride there also exists a selenium mono-

chloride, Se
2Cl2 , corresponding to sulphur monochloride. This is a

dark red-brown liquid from which, when heated, selenium tetrachloride

escapes while selenium remains behind 2Se2Cl2 = 3Se + SeCl4 . The

stability relations are, therefore, different here from what they are in

the case of sulphur, where the tetrachloride decomposes into chlorine

and monochloride.

353. Tellurium. While iodine is very similar to bromine, if not

in external appearance, at least in the nature of the corresponding

compounds, the differences between selenium and tellurium are more

pronounced, so that it has repeatedly been regarded as doubtful

whether these two elements ought to be regarded as members of the

same family.
Tellurium is a greyish-white substance with a metallic lustre

;
its

density is 6-4, and it conducts the electric current like a metal. It

melts at 450, and boils at 1400. The vapour is only slightly denser

than corresponds to the formula Te
2

.

The combining weight of tellurium, Te = 127"5, is, as has already
been mentioned, greater than that of iodine, whereas the combining
weights of the other elements of this group are smaller than those of

the corresponding halogens. Many investigations have therefore been

carried out because it was believed that this deviation was due to

incorrect determinations
;

it has, however, been found with certainty
that the numbers are as stated.

Besides the metallic tellurium, there is also a black, apparently

amorphous form, in which tellurium is obtained by precipitation from
its solutions. It has a considerably smaller density.

Tellurium combines with the metals to form tellurides
;

these

correspond to the sulphides in composition, and have generally a

metallic appearance. The tellurides of the alkali metals are soluble in

water, and form the ions Te" and HTe'. From these tellurium separates
out under the influence of the oxygen of the air.

Tellurium hydride, H2Te, is obtained by the action of the strong
acids on tellurides

;
it is a gas possessing an offensive smell and

poisonous properties, behaves similarly to the hydrogen compounds
of sulphur and selenium, and in aqueous solution is, like these, readily

decomposed by the oxygen of the air.

Heated in the air, tellurium burns, forming the dioxide, which
is a white substance volatile at a red heat. Tellurous acid, H2Te03 ,

is

obtained by oxidising tellurium with nitric acid. It is a white mass,

slightly soluble in water, and has only feebly acid properties. With

strong acids, the compound behaves as a base, hydroxyl being
eliminated and a salt formed. Compounds are hereby produced which
are derived from a tetracid base Te(OH)4

=H2Te03 +H20. These
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salts are, however, also very unstable towards water, just as, in fact,

all substances which can act both as base and as acid yield in both
cases only slightly stable compounds.

Tellurous acid can be converted into telluric acid, H2Te04 , by
powerful oxidising agents. This has no similarity to sulphuric or

selenic acid, for it forms a crystalline mass, sparingly soluble in water,
and possessing feebly acid properties. The crystals which can be

obtained from water have the composition H2Te04 + 2H2
= Te(OH)6 ,

and, on heating, pass first into the acid H2Te04,
and then into the

anhydride Te03 . The latter is a yellow mass, which is indifferent

towards water.

Telluric acid also exhibits basic properties.

Whereas, therefore, the oxygen compounds of tellurium agree in

composition with those of sulphur and selenium, their chemical behaviour

is very different. It is, it is true, a general phenomenon that the

elements with higher combining weight form more feebly acid or

more strongly basic compounds compared with the related elements

of lower combining weight, but it is seldom that the phenomenon
makes its appearance so abruptly as in the present case.

Finally, it has to be mentioned that tellurium combines with
chlorine to form the compounds TeCl2 and TeCl4, and with bromine
to form TeBr2 and TeBr4 . These are crystalline substances, vola-

tile without decomposition at moderately high temperatures, and

resembling in properties the halogen compounds of the metals, e.g.

of mercury.



CHAPTER XVII

NITROGEN

354. General. As was shown on p. 80, there is present in the air,

besides oxygen, another substance which constitutes the greater part
both by weight and by volume. From the fact that the residue of the

air after removal of the oxygen can support neither combustion nor life,

it was called azote, but it is now called nitrogen. Its chemical symbol
is N, from nitrogenium. This name is due to the fact that nitrogen is

an essential component of saltpetre (nitrum). Its combining weight is

N = 14-01.

The properties of nitrogen are essentially those of the air minus
those due to oxygen. Thus, it is colourless, odourless, and only slightly
soluble in water. Its molar weight is 28

;
as gas, therefore, it has the

formula N2 . It is distinguished from oxygen essentially by the fact

that it is capable only in a very slight degree of reacting chemically
with other substances. There are only very few substances which can

unite directly with nitrogen. If, however, the nitrogen has passed
into combination, the substances which are formed show a very con-

siderable variety and power of transformation, so that the range of

nitrogen compounds is a large and important one.

Compounds of nitrogen are of frequent occurrence both in the mineral

and, more especially, in the organic kingdoms. Of the former there

may be mentioned the important groups of nitric acid and ammonia
;

these will presently be discussed in detail. In the organic kingdom,

nitrogen is in so far of especial importance as the substances with
which the phenomena of life are directly connected, and whose presence

appears to be necessary for the processes of life, viz. the albuminoids,
all contain nitrogen.

355. Preparation and Properties. In order to obtain nitrogen,
it is only necessary to free the ordinary air from the oxygen it contains.

For this purpose, metals are most suitable which combine with oxygen
and yield solid, non-volatile oxides. The choice is somewhat limited,

from the fact that those metals which decompose water must be

excluded. These would form hydrogen from the traces of water

341
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vapour present, and this would contaminate the nitrogen, and could be

separated from it only with difficulty. The necessary conditions are

best found united in copper.
If a current of air be passed through a tube filled with copper in

the form of turnings or of thin wire, and raised to a medium red heat,

it yields up all its oxygen to the copper, and nitrogen escapes and can

be collected over water (Fig. 97). A colourless gas is obtained, with

which it is easy to demonstrate the property that burning substances,
not only wood but also sulphur and phosphorus, are extinguished in it.

The density of the nitrogen so obtained is rather greater than that

of nitrogen prepared from its compounds by chemical reactions. This,

at first, puzzling phenomenon has been explained by the fact that,

besides nitrogen, there is present in the air a heavier gas which com-
bines with copper just as little as nitrogen does, and therefore remains

mixed with the latter. This gas was separated in the pure state from

FIG. 97.

atmospheric nitrogen by Rayleigh and Ramsay in 1894, and has been

found to be an elementary substance. It has been called argon.
The density of pure nitrogen stands to that of oxygen very nearly

in the ratio 7 : 8. Nitrogen is, therefore, the lighter component of the

air, and, therefore, lighter than this itself.

At - 194 nitrogen can be condensed under atmospheric pressure
to a colourless liquid, which at -214 passes into a solid, ice-like

substance.

If the temperature is higher than - 146, gaseous nitrogen cannot

be made to assume the liquid state by any pressure ;

- 146 is there-

fore the critical temperature of this substance. The critical pressure, or,

the pressure at which, slightly below - 146, condensation can still be

effected, amounts to 35 atm.

Chemical criteria, by means of which gaseous nitrogen can be con-

veniently distinguished from other gases, scarcely exist. In general, one

is content to regard as nitrogen, gases which are neither combustible
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nor support combustion, and which do not combine with metals,

phosphorus, and the other reagents for gases which are in use. Since,

as has been mentioned, free nitrogen has little tendency to take part
in chemical reactions, it is generally of no great importance whether

nitrogen is present or not
;

it acts only as an indifferent diluent for

the other gases with which it is associated.

If nitrogen, under a small pressure, is rendered luminous by an
electric discharge in a tube arranged for that purpose (p. 140), a

spectrum of numerous lines is observed which is more especially
characterised by the appearance of bands shaded away on one side.

These consist of numerous fine lines which, on the one side, are closely
crowded together, and on the other side are regularly arranged further

and further apart. By means of this phenomenon, the presence of

nitrogen in gases can be recognised with comparative ease.

356. The Air. Although the air by which we are surrounded is

a mixture, it has to be taken into account in so many phenomena that

a special discussion must be devoted to it here.

Air consists, in round numbers, of 0-21 parts of oxygen and 0-79

parts of nitrogen, by volume. If these volumes are multiplied by the

densities of the two gases and divided by the sum of the two numbers,
we obtain as the proportions by weight 0-23 and 0-77 respectively.
The numbers are not perfectly constant, since processes are continually

taking place in the air which tend to alter this ratio. Close investiga-

tion, has, however, shown that the differences which actually occur

move within very narrow limits about the mean values, oxygen 0-210,

nitrogen 0-781, argon 0-009 parts by volume.

The influences which tend to alter the composition of the air con-

sist, on the one hand, in the withdrawal of oxygen by oxidations of all

kinds, i.e. by rapid and slow combustions. On the other hand, green

plants have the property of giving off oxygen to the surrounding air,

and the almost constant composition of the air which is observed is an

expression of the fact that these two opposed actions exactly counter-

balance one another.

If one considers now that the processes by which oxygen is

removed are concentrated in the large towns, where, conversely, the

evolution of oxygen is very small, whereas, on the other hand, the

evolution of oxygen by green plants occurs only in summer and during
the day, one might expect much greater differences than actually occur.

The cause of the equalisation is to be found in the great movements

which the ocean of air constantly undergoes. By reason of these,

the one-sided actions do not take place on one and the same isolated

portion of air, but are distributed over large and varying amounts

which stream past over these different localities. These movements
also produce an effective mixing of the different portions of the air, and
the comparative constancy of the composition of the atmosphere is the

result.
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On account of the fact that the ratio of the volumes approximates
to the round number 1 : 4, the supposition has sometimes been

expressed that -the air is a chemical compound of the two elements.

This view is wrong, for the properties of the air are those which follow

from the properties of its components on taking into account the pro-

portions of mixing. A chemical compound, however, is characterised

by the fact that its properties are essentially different from the corre-

sponding mean values of the properties of its components.
For example, air alters in composition on being dissolved in

water, since oxygen dissolves to a larger extent than nitrogen. The

proportions in which the two elements are present in water saturated

with air are 0-35 oxygen to 0-65 nitrogen. Further, the components
of the air can be separated by diffusion (p. 136), although not very

successfully, since the two densities are fairly close to one another.

Besides the two gases mentioned, the air also contains, as regular

constituents, water vapour, argon, and carbon dioxide. With regard to

the 'first, the necessary data

have already been given (p.

160) ;
the other substances

will be discussed later.

The analysis of the air can

be performed in many ways.
The method described above

(p. 342) can be developed to a

quantitative one, as indicated

in Fig. 98. This is done with

greatest accuracy by bringing
the air into a space shut off by
mercury, measuring the pres-

sure, temperature, and volume,
and then removing the oxygen

by means of a spiral of copper
wire raised to a red heat by an

electric current. After cooling,

the three magnitudes are again

determined, and by this means
the volume relation is obtained.

In Fig. 98 an apparatus constructed for this purpose is shown.

Instead of glowing copper, phosphorus can be used. This has the

advantage that it removes the oxygen very completely from the air

even at the ordinary temperature. The phosphorus is introduced in

the form of thin rods into a glass apparatus of the form A (Fig. 99),

which is also completely filled with water to the point a. The air to

be investigated is measured in a graduated tube, the
"
gas burette

"
B,

which is then united with the absorption pipette A by means of a narrow
tube. By raising the pressure tube D, which is filled with water, the

FIG.
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gas is forced over to the phosphorus. When the absorption of the

oxygen is completed, the nitrogen is returned to the gas burette by
the reverse process, and is there measured after the atmospheric pres-
sure has been re-established by bringing the water levels in B and D
to the same height.

A third method, given more than a hundred years ago by Volta

(the inventor of the voltaic pile), depends on the combination of oxygen
with hydrogen. The air is placed over mercury in a graduated tube,

into the upper end of which two platinum wires are fused
;
the volume,

pressure, and temperature
are measured, and hy-

drogen then added. By
repeating the measure-

ment, the total volume is

ascertained. On allowing
an electric spark to pass

through the mixture, the

oxygen combines with the

hydrogen, and the former

entirely disappears if

sufficient hydrogen has

been added. If the

gaseous residue is now
measured, frds of the

volume which has dis-

appeared consists of hy- F IG 99<

drogen, Jrd of oxygen.
The amount of oxygen, by volume, in the air examined is, therefore,
obtained by dividing the diminution of volume, after explosion, by 3.

Great importance was formerly attached to the determination of

the amount of oxygen in the air, because it was believed that on it

depended the good or ill health of man and beast. The fact, however,
that the variations which occur are very small, and that the volume-
concentration of the oxygen in the air is altered much more than the

amount of these variations by the comparatively small changes in the

pressure of the air and in the amount of vapour it contains at different

times and at different heights, has led to the conviction that such

influences are not appreciable ;
the analysis of the air has thereby lost

much of its former interest.

357. Oxygen Compounds of Nitrogen. The number of com-

pounds which oxygen (partly along with hydrogen) is capable of

forming with nitrogen is very great. Instead of treating these

strictly systematically according to their composition, it will be more

expedient to consider first the most important and most widely distri-

buted of them, from which the majority of the compounds are formed.

These are nitric acid and its salts, the nitrates.
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Nitric acid is an acid of the composition HN03 ;
it contains the

colourless, univalent nitranion, N03'. Its occurrence in the free

state in nature is exceptional, for the reason that it is a strong acid,

and, therefore, at once forms salts. All the more frequent and widely
distributed are the salts of nitric acid, or the nitrates. Saltpetre, or

potassium nitrate, KN03 ,
has been known from ancient times, and

occurs in the earth in places where nitrogenous animal substances,

especially animal excremental matter, is subjected to the action of the

atmospheric oxygen. It can be readily obtained by extracting the

earth with water and evaporating the solution. Sodium nitrate,

NaN03 ,
known as Chili saltpetre, is found accumulated in the rainless

districts of Chili, and serves as the most important source of nitric acid

and of its derivatives. Finally, it has to be mentioned that the

nitrogen, oxygen, and water in the air can, under the influence of

electrical processes, combine to nitric acid, which is, therefore, not

infrequently found in the form of its salts in rain-water, although in

very small amounts.

Pure nitric acid, HN03 ,
is obtained by distilling its salts with

sulphuric acid. The corresponding sulphate is formed, and the nitric

acid, which is readily volatile, can be distilled, off from the non-volatile

salts. With sodium nitrate, the reaction takes place according to the

equation

2NaN03 + H2S04
= 2HN03 + Na2S04 .

In this case, also, the process takes place in two stages ;
acid

sodium sulphate is first formed (p. 318), NaN03 + H2S04
= NaHS04 +

HN03 ,
and the other reaction, NaHS04 + NaN03

= Na
2S04 + HN03 ,

takes place only at higher temperatures. Since at the temperature

necessary for this the nitric acid is unstable and decomposes into other

substances, it is usual to take the components in accordance with the

former partial reaction, nitric acid being obtained along with acid

sodium sulphate. Likewise it is customary to add a little water to

the sulphuric acid, as aqueous nitric acid does not decompose nearly so

readily when heated as the anhydrous acid.

However, by carrying out the distillation in a rarefied atmos-

phere at a lower temperature the above disadvantages can be

removed. In the manufactures, almost pure nitric acid is prepared
on the large scale at the present day by distillation under reduced

pressure.
Pure nitric acid is a colourless liquid, with a density 1-56, and

boils at 86. It does not keep well, for even under the influence of

light, it decomposes into oxygen and lower (i.e. containing less oxygen)

compounds of nitrogen, which dissolve with a yellow colour in the rest

of the acid. Addition of water makes it much more stable. The cause

of this is the same as that previously given in the case of perchloric

acid (p. 247) ;
nitric acid has a great tendency to form ions, and, there-



xvii NITKOGEN 347

fore, processes by which water is produced from the acid, take place
with especial readiness. This is what occurs in the decomposition of

nitric acid under the influence of light, for the hydrogen of the acid

thereby passes into water.

On adding increasing quantities of water to the acid, the boiling

point of the latter rises not only to that of water but considerably

higher. The highest boiling point, 120 under atmospheric pressure,
is shown by the 68 per cent acid. On further addition of water,

the boiling point again sinks, and ultimately reaches that of water.

The relations which obtain here are therefore perfectly similar to

those in the case of hydrochloric acid (p. 209). In this case also, the

mixture of 0-68 nitric acid and 0-32 water, which corresponds,

approximately, to the formula 2HN03 + 3H20, must not be regarded
as a chemical compound, for its composition changes with the pressure.
In this case, indeed, the acid is all the more concentrated the higher
the pressure under which the distillation proceeds.

358. The Chemical Properties of Nitric Acid. The properties
which are possessed by nitric acid, as an acid, must be distinguished
from those which pertain to it in respect of other decompositions.
The former depend, as has previously been explained (p. 269), essen-

tially on the degree of electrolytic dissociation ;
the others, however,

depend on the composition and the stability of the anion, and of the

undissociated acid.

With regard to the first point, nitric acid belongs to the strongest

acids, and, in this respect, ranks along with hydrochloric acid. Accord-

ingly, even at great dilution, it has an acid taste and reddens litmus.

Likewise, it readily attacks and dissolves metals. In this case, how-

ever, hydrogen is frequently not liberated, but combines with the

oxygen of the nitric acid to form water, corresponding reduction

products being thereby formed.

Since the dissociation increases with dilution, the general acid

properties of this substance will become most prominent in dilute

solutions, whereas, on the other hand, the specific actions which have

just been mentioned will be chiefly found in concentrated solutions.

As can be gathered from the statement made above, that pure
nitric acid decomposes even under the influence of light, this sub/stance

belongs to the same type of compounds as ozone and hydrogen

peroxide, viz. compounds which can give up oxygen and pass into

more stable substances, and which, therefore, act as strong oxidising

agents. As a matter of fact, this is the most prominent property of

nitric acid, and most of its applications depend on it.

This property of nitric acid first became known in the case of its

action on the metals. There are a number of metals, such as copper,

mercury, and silver, which are not dissolved by dilute acids, but, on

the contrary, are precipitated from their salts by hydrogen. The

cause of this lies in the very different conditions under which chemical
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equilibrium between the metals, the hydrogen and the ions, is estab-

lished. Since a substance acts all the more strongly, i.e. has a greater

tendency to disappear as such, the more concentrated it is, it can be

imagined that all metals will be precipitated from their salts by hydrogen,
if this is employed in suitable concentration. Such a reaction as

Zn + H2S04
= ZnS04 +H2 could then be reversed, so that zinc and

sulphuric acid would be produced from zinc sulphate and hydrogen.
The different metals, now, are distinguished by the different con-

centrations of hydrogen required for such a reaction. Whereas, in the

case of zinc, it would require to be very great, since, indeed, the

decomposition of the acids by this metal takes place so easily, it would,
on the other hand, be very small in the case of silver, for hydrogen,
even under the ordinary pressure, and therefore of the correspondingly
small concentration, is sufficient to precipitate silver in the metallic

state from its salts. All the metals can, accordingly, be arranged in a

series, beginning with the metal which requires the greatest concen-

tration of hydrogen for its precipitation, and ending with that which

is in equilibrium with the most dilute hydrogen. This series would
be most naturally divided into two parts at that point at which the

concentration of the hydrogen corresponds exactly to one atmosphere.
This is, it is true, an arbitrary choice, but it corresponds to by far the

greatest number of cases in which the behaviour of the metals is tested

or comes into question.
To the first division, that of the metals which evolve hydrogen,

belong, in the first place, all the light metals, and, of the heavy metals,

those belonging to the iron group. The heavy metals of the other

groups belong chiefly to the second division, but tin is an exception,
and lead stands on the border. These relations will be more fully

discussed under the different metals.

Those metals, now, which are not dissolved by dilute acids with

evolution of hydrogen, are, for the most part, readily dissolved by
nitric acid. This- is due to the fact that the nitric acid converts the

hydrogen which is first formed in the action, although only in

immeasurably minute traces, into water by oxidation, and removes

it, therefore, from the sphere of action. In other words, its action is

to maintain an exceedingly small concentration of hydrogen, and

thereby make it possible for more of the metal to pass into solution.

There are also some metals, such as gold and platinum, which are

not dissolved by nitric acid. This depends on the fact that even the

small concentration of hydrogen obtained by means of nitric acid, is

too great to allow of a reaction taking place in the sense of a displace-
ment of hydrogen. In order to dissolve such metals, stronger oxidis-

ing agents are required, by which a still smaller concentration of

hydrogen is achieved. 1

1 Solution is also obtained with more feeble oxidising agents, provided the product
formed is particularly stable. We shall enter into this at a later time.
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This peculiarity of nitric acid of dissolving silver but of leaving

gold unattacked, is used for the separation of mixtures or alloys of

the two metals
;
on treatment with nitric acid the silver passes into

solution, whereas the gold remains undissolved. On 'account of its

solvent power, this acid was called aquafortis by the alchemists.

Those metals which, like zinc and magnesium, dissolve in dilute

acids with evolution of hydrogen, are also dissolved by nitric acid.

In spite of the fact that they are dissolved, the evolution of hydrogen
in these cases appears greatly diminished. This also is due to the

fact that the hydrogen combines with the oxygen of the nitric acid to

form water
;

in this case, however, the removal of oxygen goes further,

and, in place of the brown, gaseous products of reduction, compounds
of nitrogen are formed which contain hydrogen. These have basic

properties, and remain, therefore, dissolved in the acid liquid, with

formation of salts. The ultimate product of this reaction is ammonia,
which will be discussed at a later point.

359. The Salts of Nitric Acid. Nitric acid is a monobasic

acid, and forms only one class of salts, namely, univalent metals

give salts of the formula MN03 ,
bivalent metals, salts of the formula

M(N03)2 ,
etc. These salts can be formed in all the ways we have got

to know in which salts are formed, for example, by the action of nitric

acid on bases or hydroxides.
The nitrates all have the property of being more or less readily

soluble in water, so that scarcely any precipitation reactions are known 1

for the ion N03'. By reason of the large amount of oxygen they con-

tain, the salts detonate when thrown on incandescent charcoal, i.e.

the charcoal undergoes, at the expense of the oxygen of the nitrate,

rapid combustion combined with vivid production of light. The oxygen
is liberated by the heat, for although the nitrates are much more stable

than nitric acid, they all exhibit the property of decomposing at

moderately high temperatures with evolution of oxygen, the metal

thereby generally remaining behind as oxide.

The most important applications of the nitrates, also, depend on

the readiness with which they give up c-xygen.
These will be

mentioned in describing the salts under the reflhh^^^ls.
The identification, also, of nitric acid and or^BBH H^ depends

on their oxidising action. If a liquid containing a mtSBPs warmed
with some copper and sulphuric acid, the copper is oxidised, and the

products of the reduction of the nitric acid are evolved as brown fumes,

which are readily recognised. Smaller quantities of N03
'

can be

detected by colouring the acid liquid to be investigated with some

indigo, and heating. Indigo is a dye which can be recognised even in

very small quantities by its pure blue colour, and which is readily
oxidised to colourless or yellowish coloured products. If, therefore,

the acidified blue liquid becomes colourless when heated, the presence
1 Some organic bases form very sparingly soluble nitrates.
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of nitric acid can be conjectured. The test is, however, not unambiguous,
since other oxidising agents (e.g. chloric acid) also decolorise indigo.

An unmistakable test consists in the dark coloration produced by
iron salts in liquids containing nitrates. The theory and practical

details of this reaction will be given somewhat later in connection

with the compound here in question, viz. nitric oxide.

360. Nitrogen Pentoxide. If pure nitric acid be treated with

dehydrating agents, it loses the elements of water and passes into

its anhydride (p. 237), in accordance with the equation

2HN03 -H2
=N

2 5 .

To effect this reaction it is not sufficient to use sulphuric acid, but

the most powerful desiccating agent known, viz. phosphorus pentoxide,
must be employed. This substance, which we shall soon describe more

fully, is a white, snow-like powder, obtained by burning phosphorus
in dry air. If this is added to nitric acid contained in a retort, and

the mixture distilled after some time, the anhydride of nitric acid

passes over as a mobile, very volatile liquid, which soon solidifies to

a white, crystalline substance, melting at 30. This is exceedingly

unstable, and decomposes spontaneously into oxygen and nitrogen

peroxide : 2N2 5
= 4N02 + 2 . The decomposition, also, is not pre-

vented by sealing up the substance in tubes and thus protecting it

from the action of the air
;

such tubes usually explode after some

time, when the pressure of the gaseous products of decomposition has

become great enough.

Nitrogen pentoxide dissolves in water, with formation of nitric

acid, the process expressed in the above equation taking place in the

reverse sense.

361. Thermochemical. The heat of formation of solid nitrogen

pentoxide is 55 kj, that of the gaseous, zero. On dissolving in water,

70 kj are developed, two moles of dilute nitric acid being thereby

produced. We have, therefore, the equation 2N
2 + 502 + aq.

=

4HN03aq. + 2 x 125 kj. If it is desired to refer the heat of formation

of nitric acid to the_ elements hydrogen, oxygen, and nitrogen, the

heat of formation of tvater, 2H
2 + 2

= 2H2 + 2 x 286 kj, has to be

added, and there is obtained

'H
2 + N2 + 302 + aq. - 2HN03aq. + 411 kj.

The heat of formation of one mole of dilute nitric acid from hydrogen,

nitrogen, oxygen, and water, is therefore 205 kj.

362. Nitric Oxide. Lower oxides of nitrogen are formed by the

action of nitric acid on copper or other metals. The nature of this

reaction has already been explained ;
it depends on the fact that the

hydrogen of the nitric acid which is replaced by the metal combines

with the oxygen of another portion to form water. Various products
of reduction are here formed, according to the metals, the temperature,
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and the concentration of the acid employed. Of these compounds,
nitric oxide can be most easily prepared pure. The equation according
to which it is formed is

3Cu + 8HN03
= 3Cu(N03)2 + 2NO + 4H20.

In explanation it should be remarked that copper is bivalent

(p. 222), and therefore occupies the place of two combining weights
of hydrogen in nitric acid. Copper nitrate, which is formed in this

reaction, has, therefore, the formula Cu(N03)2 .

The preparation is carried out by allowing not too concentrated

nitric acid to act on copper wire or clippings. Brown coloured gases
are evolved, which become colourless on being passed through water,

and then consist of nitric oxide. The molar weight of this gas amounts

to 30, in agreement with the formula given, NO.
Nitric oxide is dissolved only slightly by water, and, in its physical

properties, behaves quite similarly to the so-called permanent gases,

oxygen, hydrogen, and nitrogen. Under the ordinary pressure, it

does not liquefy till - 154, and its critical temperature is - 93.

The most conspicuous property of this compound is its power of

combining at the ordinary temperature with oxygen. If a cylinder
filled with nitric oxide is opened in the air, its contents at once

become brown, since the gas absorbs oxygen and passes into the

compound N02 ,
which is coloured brown. If pure oxygen be passedi

into nitric oxide standing over water, the volume, instead of increasing,

diminishes, and by careful addition of oxygen, all the gas can be made
to disappear. This is due to the fact that the compound formed, N02 ,

undergoes chemical reaction with and is dissolved by the water.

Formerly, attempts were made to employ this reaction for the

analysis of the air, by mixing this with a measured amount of
"
nitrous air

"
and determining the diminution of volume. The

process, however, varies somewhat according to circumstances, so that

the analysis by this method cannot be made sufficiently exact.

Nitric oxide readily dissolves in solutions of ferrous salts, with

production of a dark, brown-violet coloration. This phenomenon, the

explanation of which cannot be given till later (Chap. XXX.), serves

as a convenient aid to the detection, not only of nitric oxide, but also

of all the other oxygen compounds of nitrogen, which are first con-

verted into nitric oxide by the iron salt employed (usually ferrous

sulphate). On heating to boiling, the dark-brown iron compound
decomposes again into the iron salt used and nitric oxide, which

escapes. In this way pure nitric oxide can be prepared by absorbing
the impure gas by means of a ferrous salt, and then expelling it from

the solution by heat. The other gases are either not absorbed, or they
are not given off on heating.

In making use of this phenomenon as a reaction for the detection of
the oxygen compounds of nitrogen^ the substance to be tested is dissolved
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in a small quantity of concentrated sulphuric acid. To this a solution

of ferrous sulphate is added, care being taken that it does not mix

with the acid, but forms a layer above it
;

the great difference in

density makes this easy to do. If an oxygen compound of nitrogen
is present, a dark layer is formed after some time between the two

liquids, and has the appearance of a dark band when viewed from the

side (Fig. 100).

Nitric oxide decomposes fairly readily into oxygen and nitrogen.

For this reason, phosphorus burns in this gas with a bright flame in

a manner similar to what it does in oxygen. All the same, the oxygen
is not present here in the free state, and in the case of feeble actions at

a lower temperature, the oxygen is not separated with sufficient rapidity
to maintain the combustion. Thus, glowing charcoal and

burning sulphur are extinguished in nitric oxide, whereas

brightly burning wood continues to burn. Its heat of formation

is - 90 kj ;
a considerable amount of heat, therefore, is developed

in its decomposition.
The same amount of heat must be added to a mixture of

nitrogen and oxygen in order that these may combine to form^
nitric oxide. This process does not take place at the ordinary

temperature, but does so above 1000, e.g. in the path of the

electric discharge. Since combined nitrogen has a high market value

(about a shilling a kilogram), nitric oxide, and from it nitric acid, is

prepared from the air by means of electric discharge. By using very

cheap energy, obtained from the Norwegian water-falls, economically

satisfactory results have been obtained. The nitric acid produced is

converted into basic calcium nitrate to render it suitable for transport.
363. Nitrogen Peroxide. The brown gas which is immediately

formed by the combination of oxygen with nitric oxide contains twice

as. much oxygen as the latter. By means of a freezing mixture it can

be easily condensed to a liquid of a yellow-red colour, the colour of

which is all the feebler the lower the temperature. If the temperature
is sufficiently low, the liquid solidifies to almost colourless crystals
which melt at - 12. At 22 the liquid boils.

In accordance with what has been said, the formula of the com-

pound is N02 ,
or a multiple of this. On attempting to obtain informa-

tion on this point from the vapour density, values are obtained for the

molar weight which vary with pressure and temperature. The lower

the temperature and the higher the pressure, the more nearly does the

molar weight approach the value 92
;
on the other hand, on raising

the temperature and diminishing the pressure, the numbers approach
the value 46. At 100 the value 46 is reached even under a pres-
sure of 2-3 cm., and on further diminution of the pressure remains

constant.

At the same time, the colour of tha vapour changes. Whereas at

comparatively low temperatures a medium yellow-brown colour is to
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be observed, the coloration becomes darker and darker red-brown the

more one passes into the region of small vapour density, and finally,

the vapour is black-red and almost opaque even in thin layers. On
lowering the temperature and increasing the pressure, the former pale
colour returns.

These relations can be easily made clear by filling two similar

tubes of about 2 cm. diameter with the vapour of nitrogen peroxide
under the same conditions, sealing them off, and heating one of them.
Whereas the tube which is kept at the ordinary temperature appears

pale brown in colour, the heated one soon acquires a pronounced dark
colour. The comparability of the two tubes is assured by the fact

that, under these conditions, both contain the same amount of sub-

stance independently of the temperature.
These phenomena are explained by the fact that there are two

different compounds of the same composition, which are polymeric,
the one containing twice as many combining weights of the two

components as the other. In accordance with the density, the former
has the formula N0

2 ,
the other N2 4 . The former is dark coloured,

and is formed at a high temperature and under a small pressure ;
the

latter is almost colourless, and is formed from the former under the

opposite conditions. Under all circumstances, the vapour of nitrogen

peroxide is a mixture of the two forms, and the relative amounts of

these can be calculated from the density of the vapour.
Thus, at 50 and 49-8 cm. pressure, the molar weight D has

been found equal to 62. If x be the fraction of the total amount

by volume formed by N02 ,
that formed by N2 4 is equal to 1-x,

and a mixture of the two has a molar weight D = 46# + (1
-
x)92.

92 T)

Hence, x = from which, substituting the value of D = 62

x = O65. Under the above conditions, therefore, the vapour con-

tained 0-65 volumes of the simple compound and 0-35 volumes of

the double compound. Since the weight of the latter is equal to

0-70 volumes of the simple one, the fractional amount of the simple

compound by weight is -
^ = 0-48.

U*o5 + U'7u

There exists, therefore, between the two forms N02 and N
2 4 a

chemical equilibrium, in consequence of which the relative quantities
of the two forms are determined by the temperature and pressure.
If two of these magnitudes are given, the third is also fixed, i.e. at a

given temperature and a given pressure only one definite ratio can
exist between the two components. On the other hand, a perfectly
definite temperature is required if it is desired to obtain under a given

pressure a given ratio between the components.
The law which this equilibrium obeys is expressed by the formula

2A
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where a denotes the concentration of the form N02 ,
and b that of the

form N2 4 ;
Jc is a magnitude which is dependent on the temperature,

but which, at constant temperature, is constant. It is, therefore, also

called the equilibrium constant.

By concentration is understood the calculated amounts in moles of

the substances present, divided by the volume measured in litres (but
more systematically in c.c.).

The above equation shows that when the concentration of the two

forms is diminished by increasing the total volume, the ratio of their

amounts does not remain unchanged. For example, if the volume is

so much increased that a diminishes to half its value, b must also

diminish, not to half but to a fourth, in order that the equation may
be fulfilled. In other words, on increasing the volume, i.e. diminishing
the pressure, a portion of the form N2 4 must change into N02 ,

as

was stated above as the result of experiment.
If we reflect that by the change just mentioned of the more dense

into the less dense form, the pressure must become greater than it

would be if this change did not occur, we see that the formula stated

above is a restatement of the law which was given in a qualitative
form on p. 259

; namely, when a system undergoes change, that process
results which opposes this change. If the pressure is diminished, a

portion of the denser gas decomposes and again partially cancels

the diminution of pressure. On the other hand, if the volume is

diminished, the pressure does not increase in the same proportion as

in a single gas, but a portion of the N02 polymerises to N2Q4 , and
the pressure cannot become so great.

Further, it has been established that heat is developed in the

combination of N02 to N2 4 . In accordance with the same principle,

therefore, if the temperature be raised, that process will occur which

opposes the rise of temperature, i.e. N2 4 will decompose into N02 ,

because this process absorbs heat. This conclusion is also borne out

by experiment.
The preparation of nitrogen peroxide can be carried out by means of

the method already mentioned (p. 351), by converting nitric oxide into

peroxide by means of free oxygen. The brown vapours obtained by
the action of nitric acid on metals, after having been dried, are passed

along with oxygen through a freezing mixture, the current of oxygen

being so regulated that it is present in excess. The substance obtained

can be easily purified by re-distillation.

For the preparation, also, use is made of the decomposition
which some metallic nitrates undergo when heated. Lead nitrate,

for example, gives nitrogen peroxide, according to the following

equation :

2Pb(N03 )2
- 4N02 + 2 + 2PbO.

As has been already mentioned, the peroxide dissolves in water.
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In this process, however, it does not remain undecomposed, but reacts

with the elements of water to form metric and nitrous acids

2N02 +H2
=HN02 + HN03 .

The heat of formation of nitrogen peroxide in its simple
form N02 amounts to -

32kj ;
it therefore absorbs energy in its

formation. In passing into the other form, N2 4 ,
heat is developed :

364. The Law of Mass Action. The relationships which have

just been set forth form a special case of a general law which governs
all chemical states of equilibrium. It can be expressed in the follow-

ing form :

Let a chemical reaction between m-^ m
2 ,

. . . moles of the
substances A

x ,
A

2 ,
. . . and nv n2 ,

. . . moles of B
1?
B

2 ,
. . . be

represented by an equation of the form

WjA-L + m2
A

2 +m3A3 + . . . =n
1
Bl + n2

B
2 + n3B3 + . . .,

then equilibrium will exist when the concentration av a
2 ,

a
3 ,

. . . bv
b2 ,

63 ,
... of the reacting substances have acquired certain values.

These values are given by the following equation : .

m-. m9 m
!

l
. a2

2
. a3

3
. . .

The concentrations of the substances standing on the one side of

the reaction equation, therefore, appear in the numerator, and those of

the substances on the other side, in the denominator, of the fraction,

and each concentration appears as a factor as many times as the

number of the moles with which the particular substance takes part
in the reaction. It is here presupposed that the reaction equation is

written in molar formulae. The magnitude k is constant at a given

temperature, i.e. it is independent of the absolute value of the con-

centrations, but changes with the temperature.

Only gaseous and dissolved substances can have varying concentra-

tions. In the case of solid substances and homogeneous liquids, the

concentration changes so little with the pressure that its influence is

scarcely appreciable. For this reason, in all cases where solid sub-

stances and homogeneous liquids take part in an equilibrium, the

corresponding members occurring in the fraction on the left of the

equation become constant, and can be brought over to the right-hand
side, where they form all together a product which is constant for

constant temperature.
This simple equation is the foundation of the whole theory of chemical

equilibrium, and is applied in all cases where such questions have to be

treated.

As an example of its application, the more exact discussion of
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the case mentioned on p. 127 may be given ;
this deals with the

chemical equilibrium between water vapour, iron, iron oxide, and

hydrogen. The oxide of iron formed has the formula Fe3 4 ,
and the

equation, therefore, runs

4H2 + 3Fe = 4H2 + Fe3 4 ,

and the equation of equilibrium

Here, however, 2 and b2 refer to solid substances (iron and iron

oxide), and are therefore constant. On bringing them over to the

right, there follows, a^jb-f
= b2Jc/a2

3
, or, extracting the fourth root and

putting the expression /kb2/a2
3 equal to K we obtain aJb^^K.

That is to say, the ratio of the concentration (or the partial pressure)

of the water vapour and the hydrogen must, at a given temperature,
have a constant value, or, the two concentrations must be proportional.

This is exactly what has been given by experiment.
365. The Influence of Temperature on Chemical Equi-

librium. The view is often found very widespread that at a very

high temperature all chemical compounds must decompose into their

components, and that at places, therefore, where such a temperature

prevails, e.g. on the sun, the chemical elements can exist side by side

only in the uncombined state.

On questioning experiment and the theory which has been developed
on the basis of the general laws of energy, another answer is given

by both. By applying the general principle of movable equilibrium,

which states that whenever an equilibrium is compelled to change, pro-

cesses occur which oppose the compelling force, we must say that at

higher temperatures that reaction will occur which opposes the rise of

temperature, i.e. which absorbs heat. If all chemical decompositions
took place with absorption of heat, the view cited above would be

correct. There are, however, numerous substances (and to these the

oxygen compounds of nitrogen almost all belong) which are formed

from their elements with absorption of energy. It is just at higher

temperatures that such compounds become more stable, and they can-

not, therefore, be decomposed by heat.

Numerous examples of this general law are known. Thus, the

vapour pressure of every liquid increases with rise of temperature, i.e.

more liquid evaporates into the given space because the evaporation
takes place with absorption of heat. If a liquid should ever be found

which passed into vapour with development of heat, it would also

necessarily have the property that its vapour pressure would diminish

with rise of temperature.
On considering the equation of equilibrium on the preceding page

from this point of view, it can be said that, with a rise of tempera-

ture, those substances must increase which are formed with absorption
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of heat from the substances on the other side of the equation of re-

action. From this it can always be seen in what sense a chemical

equilibrium will be shifted with rise of temperature.
In the example cited above, heat is developed by the action of

water vapour on iron
; conversely, water vapour is formed from iron

oxide and hydrogen with absorption of heat. Consequently, with a

rise of temperature, the ratio of water vapour to hydrogen must

increase, or, as the temperature rises, the decomposing action of the

iron on water vapour becomes less and less. This result, also, was

given by experiment before the theory was known.
This qualitative principle has also been brought into a form suit-

able for calculation. We shall, however, refrain from the deduction

of this, as the qualitative form is sufficient for the applications which
will be made of the principle.

An important application of this principle can be made to the

problem of the combination of free nitrogen and oxygen (p. 352).

Since, in this case, energy is absorbed, the yield of nitric oxide will be

all the greater the higher the temperature. Experimentally one has

obtained from the air, at about 1600, about 1 per cent, and at about
1800 about 5 per cent of nitric oxide.

366. Nitrous Acid. When nitrates, e.g. potassium nitrate, are

treated with reducing substances, they lose oxygen and pass into the

salts of another acid, known as nitrous acid. The new salts are called

nitrites.

For this reduction heating with metallic lead is generally

employed. This acts according to the equation

By extracting with water, the readily soluble potassium nitrite can
be separated from the sparingly soluble lead oxide. Small quantities
of lead which pass into solution by reason of a side-reaction, are

precipitated by passing in carbon dioxide.

On attempting to liberate the acid HN02 from the salt, it is found
not to be stable in the free state. On pouring sulphuric acid over

potassium nitrite, brown vapours are formed which, indeed, have the

composition of an anhydride of nitrous acid, N2 3 ,
but which prove to

be a mixture of nitric oxide and nitrogen peroxide. If these vapours
be passed into water, a feebly blue -coloured solution is obtained,
which contains some nitrous acid, but which constantly evolves nitric

oxide and passes finally into nitric acid in accordance with the equation
3HN02

m 2NO + HN03 + H20.

The same vapours are also obtained when nitric acid is decomposed
with reducing agents under certain conditions. On heating nitric acid of

density 1-30 -1-35 with arsenic trioxide (p. 94), the latter takes up one

combining weight of oxygen from the nitric acid, and the nitrous acid

formed breaks up into water and the brown vapours mentioned. Since



358 PKINCIPLES OF INOKGANIC CHEMISTRY CHAP.

the latter are used in many important chemical reactions, especially
in organic chemistry, this method of preparation is often used.

If these vapours are cooled in a freezing mixture, a liquid of a blue

to green colour is obtained, and from this there can be separated by
fractional distillation a portion of a dark blue colour, boiling at 3-5

which, especially at low temperatures, appears pure blue. This has

the composition of nitrogen trioxide or nitrous acid anhydride, and can

be regarded as the compound N2 3 .

For the detection of nitrosion N02

'

the general reaction for oxygen
compounds of nitrogen by means of ferrous sulphate (p. 351) is, in the

first place, employed. It is distinguished from the ion N03
'

of nitric

acid by the fact that even on acidifying the salts of nitrous acid, or

the nitrites, with any other stronger acids, the brown vapours are

evolved the nature of which has just been given. By means of strong

oxidising agents, N02

'

can be converted into N03'. A volumetric

method depending on this will be given later on, under potassium
permanganate.

Further, nitrosion unites with cobalt (p. 99) to form
"
complex

"

salts, some of which are readily recognised. This reaction, however,
is much more used for the detection of cobalt than of nitrous acid, and
will therefore be described under that metal.

The heat of formation of nitrous acid in dilute aqueous solution

from its elements is - 28 kj, in accordance with the equation H2 + N2 +
202 + aq.

- 2HN02 aq.
- 2 x 28 kj.

367. Hyponitrous Acid. By suitably regulating the reduction

of the nitrates, a further amount of oxygen can be removed from them,
and the hyponitrites, or the salts of hyponitrous acid, are obtained. Of
the different methods of their preparation, the most easily understood,

theoretically, is that by means of sodium. This metal is dissolved in

mercury, and a solution of sodium nitrate or nitrite is treated with the
"
sodium amalgam

"
so obtained. Sodium amalgam acts much more

moderately on other substances than pure sodium does, and is, there-

fore, better adapted than the latter for many preparations. The
reaction can be formulated as follows :

2NaN03 + 8Na + 4H2
= Na

2
N

2 2 + 8NaOH,

when sodium nitiite is used, and

+ 4Na + 2H2
= Na

2
N

2 2 + 4NaOH,

when sodiunirite is employed.
Fr-tfm

tmysodium salt, the sparingly soluble silver salt is prepared
and

purifierby washing. On decomposing this salt with hydrogen
chloride with exclusion of water, by using ether (an organic com-

pound) as solvent, hyponitrous acid, H2
N2 2 ,

is obtained in the form
of white crystalline laminae, which are very unstable and explode

readily. The substance dissolves in water and yields a solution which
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keeps rather longer, but which has also only a passing existence. It

soon evolves a gas having the composition N20, which is the anhydride
of hyponitrous acid.

The same substance, N20, which bears the name nitrous oxide, is

produced in many cases in which hyponitrous acid ought really to be
formed. It is very much more stable than the latter, and it has not

yet been found possible to convert it back into hyponitrous acid or

one of its salts.

Nitrous oxide is usually prepared by heating ammonium nitrate.

With regard to this reaction, the reader is referred to the following
section on the ammonia compounds ;

we shall here give the properties
of the substance.

Nitrous oxide is a gas consisting of two combining weights of

nitrogen to one of oxygen, to which, in accordance with the density
44, the formula N2 has to be ascribed. It is colourless, has a faint,

sweetish odour, and dissolves in water to a fairly large extent. At
room temperature water absorbs about an equal volume of the gas.

Likewise, the gas is comparatively easily liquefied, since its critical

temperature lies at + 39
;

the critical pressure amounts to 78 atm.
At the vapour pressure amounts to 36 atm., and the vapour pressure
of one atmosphere is found at - 90,' which is, therefore, the ordinary

boiling point.
Nitrous oxide parts with its oxygen still more readily than nitric

oxide, so that not only phosphorus and brightly burning wood con-

tinue to burn in it, but also charcoal and sulphur, if previously

sufficiently heated. Sulphur burning with a small flame, however, is

extinguished when introduced into the gas.
Nitrous oxide is taken up by the blood and causes unconscious-

ness
;

it is therefore employed for obtaining transient narcosis. The

gas cannot be decomposed by the organism in such a way that its

oxygen becomes available
; if, therefore, nitrous oxide has to be inhaled

for a lengthened period, it must be mixed with oxygen in the same

proportions as the latter is present in the air.

In order to be formed from its elements, nitrous oxide would

require to take up a large amount of energy, viz. 75 kj : 2N2 + 2
=

2N^O
- 2 x 75 kj. In its decomposition, the same amount of energy

is given out in the form of heat.

368. Nitro-compounds. The acid actions of nitric acid depend on
the fact that hydrion very readily splits off from the compound HN03 .

In view of the fact that other oxyacids, e.g. sulphuric acid, also give
reactions in which Jiydroxyl acts in the place of hydrogen, the question
must be asked whether, in the case of nitric acid, oxygen and hydrogen
also act in common as hydroxyl.

From the fact of the strong electrolytic dissociation of nitric acid, it

can, in the first place, be presumed that if such reactions are to occur,
one will expect them to do so in the absence of water (which, of course,
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causes the formation of hydrion). This is, in fact, found to be the

case.

In organic chemistry a large number of compounds are known
which are formed by the action of nitric acid on compounds contain-

ing hydrogen ;
the hydrogen from these, along with the hydroxyl from

nitric acid, is eliminated as water, and the residual group N02 of the

nitric acid unites with the residue of the organic substance, containing
one combining weight less of hydrogen. The group N02

is called the

nitro-group, and the compound RN02 formed in accordance with the

general reaction equation RH + HN03
= RN02 +H20, is called a nitro-

compound.
In external appearance this process looks exactly like that of

the formation of a salt, especially if the hydroxyl is assumed to be

present as such in the nitric acid, and the equation, therefore, be

written in the form N02OH + HR = R . N02 +H20. It would, how-

ever, lead to mistakes if one were to estimate the significance of this

apparent agreement so highly as to regard both reactions as essentially
the same. For, the nitric acid would then have to be regarded as

the base, and the hydrogen compound RH as the acid, in this reaction.

The essential difference as compared with an ordinary salt forma-

tion consists just in the fact that we are in this case not dealing with

an ion reaction as in the formation of a salt, for, neither is the com-

pound RH an acid, nor the nitric acid a base, nor, finally, the nitro-

compound formed a salt. According to what was said above, also,

the difference becomes especially evident from the fact that the forma-

tion of nitro-compounds takes place all the more readily the more

completely water is excluded, both the water originally present and
that produced by the reaction itself. The latter can be rendered

harmless by adding desiccating agents ; and, as such, concentrated

sulphuric acid is ordinarily employed. Nitration, or the preparation
of a nitro-compound, is, therefore, usually carried out in the presence
of larger or smaller amounts of concentrated sulphuric acid.

Nitro-compounds can be formed not only from nitric acid, with

elimination of hydroxyl, but also from nitrous acid, with elimination of

hydrogen. In order that such an elimination may take place, there

must be present in the substance which is to pass into the nitro-com-

pound, a part which will form a stable compound with the hydrogen.
In most cases this will be hydroxyl, which will give water with the

hydrogen. We have then the equation

R . OH + HN02
=R . N02 + H20.

This equation has also only an apparent and no real resemblance

to a salt formation. This is most clearly seen from the opposite role

played by the groups N02 and R.

Lastly, nitro-compounds can be formed by the action of nitrogen

peroxide on such substances as can directly form compounds by
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addition. The reaction corresponds to the formation of chlorides by
the action of chlorine on substances of this class, e.g. metals.

Whereas, in organic chemistry, numerous nitro-compounds are

known, the number of inorganic nitro-compounds is comparatively
small. Nevertheless, some of them are of sufficient importance to be

discussed here.

369. Nitrosulphonic Acid. The most important inorganic nitro-

compound is nitrosulphonic or nitrosylsulphuric acid, the composition
OTT

and reactions of which are expressed by the formula S02 -^Q
.

In order to obtain such a compound, one must act on the hydrogen
compound of the radical S02(OH) with nitric acid, or on the hydroxyl

compound of the same radical with nitrous acid. Both methods give
the desired result.

The hydrogen compound of S02(OH) is no other than sulphurous
acid (p. 307) ; nitrosulphonic acid would, therefore, be formed from

sulphurous acid and nitric acid.

As a matter of fact, this compound is obtained when, in place of

sulphurous acid, its anhydride, sulphur dioxide, S02 ,
is passed into

concentrated nitric acid. This method has the especial advantage
that no water is formed in the reaction, and the disturbances due to

it are, therefore, not to be feared. The reaction takes place simply
OTT

according to the equation HN03 + S02
= S02-^Q

.

The object is also attained by the other method. If nitrous

acid (or its vapours, which have the same composition as it,

p. 357) is introduced into the hydroxyl compound of the radical

S02(OH), i.e. into concentrated sulphuric acid, nitrosulphonic acid

is formed along with water
;

the latter is taken up by the excess

of sulphuric acid. The equation of this reaction is S02(OH)2 + HN02
=

OTT

SO^+H.0.
Besides these two typical methods, there are a number of others

which can in principle be traced back to them. Some of these methods
will be mentioned later.

Nitrosulphonic acid is a white, solid, crystalline substance, which

melts, with decomposition, at 73. It is very sensitive to water, and is

transformed by it into sulphuric acid and nitrous acid (which, in turn,

partially undergoes further decomposition, p. 357) S02(OH)N02 +
H

2
= H

2S04 + HN02 . It dissolves, however, in concentrated sulphuric

acid, and forms a very stable solution, which stands being diluted

to some extent with water, corresponding equilibria being thereby
established.

The compound also bears the name leaden-chamber crystals, for it is

readily formed under the conditions prevailing in the lead chambers
in the preparation of sulphuric acid, when too little water is present.
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By the addition of more steam, the leaden-chamber crystals, which
are not formed in the well-regulated process, can easily be made to

disappear.

Further, the retention of the valuable oxides of nitrogen in the

waste gases from the sulphuric acid manufacture, which is effected by
treating them with concentrated sulphuric acid in the

"
Gay-Lussac

tower
"

(p. 314), depends on the formation of nitrosulphonic acid under
these conditions. On mixing the solution of nitrosulphonic acid in

excess of sulphuric acid with water, or dilute
" chamber acid," the

decomposition given above takes place, and nitrous acid is again
evolved. This process takes place in the

"
Glover tower

"
before the

entrance of the gases into the lead chambers (p. 313).
Since one of the two combining weights of the hydrogen of

sulphuric acid is still present unchanged in nitrosulphonic acid, it

may be assumed that this will also have acid properties. Salts of

this acid, however, are not known, and even in aqueous solution the

acid cannot exist on account of the fact that it is decomposed by water.

This decomposition can be looked upon as taking place in such
a way that the acid HS03N02 first dissociates electrolytically, with
formation of the anion S03N02 '. This ion is not stable, but undergoes
further decomposition with water, in accordance with the equation
S03N02

/ +H2
=HS04

/

+ HN02 . The two products of decomposition
suffer, in turn, further transformations

;
the primary ion of sulphuric

acid partially undergoes further decomposition into the secondary ion

and hydrion, and the nitrous acid undergoes decomposition into nitric

oxide and nitric acid, as described on p. 357.

That nitrosulphonic acid is so sensitive to water, is due in this

case, as in many others, to the fact that by the action of water very
stable ions can be formed.

370. Other Nitro-compounds of Sulphuric Acid. Just as one

hydroxyl of sulphuric acid can be replaced by the nitro-group, the

same ought also to be possible with the second, and the existence of a

compound, dinitrosulphuryl, S02(N02)2 , might be expected. Such a

compound would be formed, according to the general scheme, from

sulphur dioxide and nitrogen peroxide, and could be regarded as

quite similar to sulphuryl chloride, S02C12 (p. 331). No such substance,

however, is as yet known.
A dinitro-compound of pyrosulphuric acid, corresponding to pyro-

sulphuryl chloride, is, however, obtained by heating nitrosulphonic
acid. This loses water and yields the former compound, in accord-

ance with the equation 2S02(OH)(N02 )
- H

2
= S2 5(N02 )2 .

The same substance is obtained by the action of nitric oxide on

sulphur trioxide, whereby sulphur dioxide escapes.

Dinitropyrosulphuryl is a white crystalline mass, which looks like

the leaden-chamber crystals, melts at 217, and boils at 360.
371. Aqua Regia. By mixing nitric acid and hydrochloric acid
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a reagent is obtained which is used for dissolving certain metals, such

as gold and platinum, which do not dissolve either in nitric acid or

hydrochloric acid alone. On account of its solvent action on gold, it

was called aqua regia by the alchemists.

The action of aqua regia depends, in the first place, on the fact

that the hydrochloric acid is oxidised by the oxygen of the nitric acid

to chlorine, which readily attacks the above metals and converts them

into chlorides. Chlorine derivatives of the oxides of nitrogen, which

will be mentioned presently, are also formed.

An explanation is required why it is that aqua regia is a

stronger oxidising agent than its components, especially nitric acid.

From the fact that the latter has an oxidising action on hydrochloric
acid and liberates chlorine, its free chemical energy cannot increase

but only diminish.

The explanation is found in the consideration that the chlorine

compounds which are formed of the metals above named have a much
more stable character than the nitrates which would be formed by the

action of nitric acid. The fall from the initial substance to the

end-product is therefore greater in the case of aqua regia than in the

case of nitric acid, not because aqua regia stands higher, but because

the products of its action stand much lower.

On heating aqua regia alone, readily volatile substances, consisting

of nitrogen, chlorine, and oxygen, and which are mixtures of different

compounds, are evolved. Of these, the compounds nitryl chloride,

N02C1, and nitrosyl chloride, NOC1, are of interest. The properties
of these are still somewhat doubtful, and will, therefore, not be given
here. It should, however, be specially mentioned that they can be

regarded as the chlorides of nitric and of nitrous acid, in which

hydroxyl is replaced by chlorine. They are comparable, therefore,

with the chlorides of sulphuric acid (p. 329).

372. Catalytic Actions of the Oxides of Nitrogen. When
nitric acid is employed for oxidation purposes, it is observed that, in

general, the action is at first very feeble
;

it then increases, reaches a

maximum, and again diminishes till it becomes inappreciable.
The last part of this process is readily intelligible. If one reflects

that in the oxidation process both the concentration of the nitric

acid, and generally also of the substance to be oxidised, constantly

diminishes, it must be concluded that the velocity of the process

(which rises and falls with the concentration of the reacting substances)

must become smaller and smaller.

To what, then, is the initial acceleration due ? One reason for it

is found in the fact that the reaction takes place with strong develop-
ment of heat

;
the temperature therefore rises, and since by reason

of this the velocity of the reaction necessarily increases, it is quite

possible that the increase due to rise of temperature exceeds the

diminution due to the consumption of the reacting substances.
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If, however, the influence of the rise of temperature is excluded

by continually conducting away the heat which is generated (e.g. by
placing the vessel in water at constant temperature), a very consider-

able initial acceleration is nevertheless still observed. This is due to

the fact that the velocity with which nitric acid exercises its oxidising
action is catalytically accelerated to a very considerable extent by
the presence of its products of reduction, more especially of nitrogen

peroxide. The latter substance has already shown itself a very
effective and important accelerator in the manufacture of sulphuric

acid, i.e. in the oxidation of sulphurous acid by free oxygen (p. 314),

and a number of other cases are also known in which it acts as an

accelerator of oxidation.

In those cases, therefore, where it is desired to increase the oxidising
action as much as possible, red, fuming nitric acid, i.e. an acid which

contains lower oxides, especially nitrogen peroxide, in solution, is used.

This acid is obtained by distilling nitric acid at a high temperature

(p. 346), or, also, by adding a small quantity of a reducing substance

(organic substance) during the distillation.

Conversely, in those cases where we are dealing with other actions

of nitric acid in which oxidation has to be avoided, acid as free as

possible from lower oxides must be used. This is recognised by its

being colourless, and the lower oxides, which are more volatile than

the nitric acid, can be removed from the yellow acid by passing
a stream of dry air through it. This is of importance, for example,

'

in the preparation of nitro- compounds from organic substances

(p. 359).

373. The Role of the Oxides of Nitrogen in the Preparation
of Sulphuric Acid. Transfer Catalysis. Recent researches

enable us to form a somewhat more definite idea regarding the

acceleration of the formation of sulphuric acid in the leaden chamber

through the presence of oxides of nitrogen (p. 314). As the result of

experiment it has been found that whereas the direct oxidation of

sulphurous acid by free oxygen takes place with great slowness, both

the formation of the nitro-compounds of sulphuric acid and of similar

substances from the above constituents in the presence of oxides of

nitrogen, and the decomposition of these compounds by excess of

water, take place with great rapidity. The increase in the velocity of

formation of sulphuric acid by the oxides of nitrogen can therefore be

explained by the assumption of such intermediate reactions. It has,

however, not been definitely determined what the intermediate

substances are in the present case, since there are quite a number of

products having a composition intermediate between sulphurous acid

and nitrous acid, all of which have the property of rapid formation

and decomposition. It is therefore probable that there is not only
one single intermediate substance produced, but that various inter-

mediate compounds are formed and decomposed, the relative amounts
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of these depending on the temperature, the amount of water, and the

concentration of the substances involved.

Since these intermediate products undergo decomposition under

the same conditions as those in which they are formed, we obtain the

essential criterion of the catalytic processes, viz., that the accelerating

substance does not appear in the end-product, and does no*, therefore,

stand in any stoichiometric relationship to the amouut of the latter.

That such unstable intermediate forms can be produced at all depends
on the general law of the prior formation

t
of the less stable forms

(p. 235).

The question may be asked, whether all catalytic processes can be

explained in the above manner. At present no definite answer can

be given to this question, but it is probable that such an explanation
will not be possible. Those cases of catalysis in which intermediate

products have been shown to play an effective part are known as cases

of transfer catalysis.

374. Comparison of the Oxygen Compounds of Nitrogen
with those of the Halogens. Between the acids which are derived

from nitrogen by addition of oxygen and the corresponding com-

pounds of the halogens, there exists a striking similarity, which finds

expression not only in the similarity of their formulae, but also in

the solubility and stability relations, and in the isomorphism of the

corresponding salts. These similarities appear from the following

summary :

Perchloric acid, HC104

Nitric acid, HN03 Chloric acid, HC1O3

Nitrous acid, HN02 Chlorous acid, HC102

Hyponitrous acid, HNO Hypochlorous acid, HC10
Nitrogen peroxide, N0 2 Chlorine peroxide, C102

Nitric oxide, NO
Nitrojjs oxide, N2 Chlorine monoxide, C12

In both series, the stability increases as the amount of oxygen
contained in the compound increases. In general, however, the

chlorine compounds are less stable than the nitrogen ones.

The two chief compounds, chloric acid and nitric acid, form only
soluble salts.

375. Ammonia. Nitrogen and hydrogen can unite to form a

compound containing three combining weights of hydrogen to one of

nitrogen, and having, in agreement with the molar weight 17-0, the

formula NH3 . It is a gaseous substance which dissolves readily in

water, and has a pungent, very characteristic odour.

If nitrogen is mixed with hydrogen, in the proportions of one

volume to three, and an electric spark passed through the mixture, no

explosive formation of the compound occurs. Nor does ammonia gas

undergo explosive decomposition when it is heated, or when an electric

spark is passed through it. In both cases, however, changes do take

place : in the former, some ammonia is formed
;

in the latter, some is
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decomposed. If the action is continued for a fairly long time, the

same condition is finally established in both cases, there being about
0-02 of the total amount present as ammonia, and the rest, 0-98,
in the form of uncombined elements. This is, therefore, the chemical

equilibrium which is established between the two substances under the

above conditions, and which is produced by means of a reaction which

proceeds with exceeding slowness.

If the ammonia is removed from the mixture in proportion as it is

formed, the whole amotmt of gas can ultimately be made to combine.

This occurs, for example, wj),e?i the gases are kept in contact with an
acid. Ammonia is taken up by acids, and if sparks continue to be

passed through the gas mixture while standing over an acid, all the

gas will ultimately disappear.
As is apparent from the equation

N2 + 3H2
= 2NH3 ,

the volume diminishes from 4 to 2, or to a half, when the elements

pass into combination. The reverse change takes place when the gas
is decomposed.

The change of energy occurring in the process is represented by
the equation N2 + 3H2

= 2NH3 + 2 x 50 kj.

On account of the high price of combined nitrogen, the electrical

and catalytic methods of preparing ammonia from its elements are of

great economic importance, and are beginning to be developed in-

dustrially.

Ammonia is absorbed in large amount by water, viz., about 800

volumes, or 0-6 part by weight, at room temperature. It, however,
still follows Henry's law to some extent, especially at higher tempera-
tures. It can be completely removed from the solution by boiling.

From this it is apparent that all solutions of ammonia must necessarily
have a lower boiling point than pure water. For if there were a

solution with higher boiling point, this would remain behind during
the distillation, and finally pass over unchanged in composition.

The aqueous solution of ammonia colours red litmus paper blue,

and therefore contains hydroxidion, OH'. It must be concluded,

therefore, that in water ammonia has passed, at least partially, into

a compound containing hydroxyl. This can occur only by it taking

up- the elements of water, and, therefore, a compound of the general
formula NH3 + nH2 is present. All known facts favour the view

that n = l, and that the compound must, therefore, be written

NH3 +H20, or, giving prominence to hydroxyl, NH4OH.
Just as we recognised the compound ion of nitric acid, N03', to be

similar to the simple ion Cl' of hydrochloric acid, we also conclude

that in the solution of ammonia there is present along with hydroxyl
the compound cation NH4', which corresponds to natrion, Na*. Since

it is combined with only one hydroxyl, it is univalent, like kalion or
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natrion. In other respects, also, e.g. in the crystalline form of corre-

sponding saline compounds, the ion NH4', or ammonion, is very similar

to kalion.

Ammonia must, therefore, be regarded as the anhydride of

ammonium hydroxide, NH4OH. It has not as yet been possible to

prepare ammonium hydroxide in the pure state, just as only the

anhydride of sulphurous acid, S02 ,
and not sulphurous acid itself,

H
2S03 ,

is known. As to its existence, however, or rather as to the

existence of the ion NH4

*

or ammonion, no more doubt exists than

as to the existence of the ion of sulphurous acid, S03".

This assurance is based chiefly on the fact that there are a large

number of salts which can be prepared from ammonia and acids, and

which all contain the ion NH4 *. To this there belongs a series of

definite properties, just as to any other simple or compound ion.

For example, if an aqueous solution of ammonia acts on a solution

of hydrochloric acid, the ordinary formation of a salt from acid and

base takes place (p. 213), according to the equation

NH4OH + HC1 =NH4C1 +H20.

Since in the action of acids on ammonium hydroxide, exactly
the same amount of water is formed as was used up in the formation

of ammonium hydroxide from ammonia and water, it follows that this

water is quite unnecessary for the salt formation, and that the same

salt will be obtained by simply bringing ammonia and the acid

together. Thus,
NH3 + HC1 =NH4C1.

As a matter of fact, this reaction takes place, and it can be shown

very clearly by placing a dish with concentrated hydrochloric acid

and one with ammonia side by side in a wide glass cylinder. The

two substances come together in the gaseous state, and since the

resulting compound, ammonium chloride, NH4C1, is not volatile at

room temperature, it separates out in the form of dense white fumes,
which form a cloud over the two dishes.

The formation of fumes occurs in a visible manner with such

small quantities of ammonia that it is employed for the detection of

that gas. If a glass rod, moistened with hydrochloric acid, is brought
to the mouth of a vessel in which ammonia is being developed, the

latter is at once detected by means of the formation of fumes.

In the aqueous solution of ammonia, only a small portion of this

substance is present as dissociated hydroxide. This is apparent from

the fact that the basic properties are not nearly so strongly developed
in such a solution as, for example, in a corresponding solution of sodium

hydroxide. The electrical conductivity, which is the most convenient

measure of the ions present, shows that in a 1 per cent solution of

ammonia only about 0-005 of the ammonium hydroxide which could

be formed thereform is dissociated into ammonion and hydroxidion.
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It follows, also, from the approximate validity of Henry's absorption

law, that the dissolved ammonia is present for the greater part as such

(or as a simple hydrate) in solution, and that no great portion is

dissociated into ions. In the case of hydrochloric acid, where the

opposite is the case, the deviations from the law of Henry are also

very great (p. 209). It is apparent, also, from many other phenomena
which will be discussed later, that ammonia is a rather feeble base,

i.e. does not form much hydroxidion.
Ammonia is prepared from the ammonium salts, which are obtained

in large quantities as by-products in the manufacture of coal-gas, by
warming them with another base. Ammonium hydroxide is first

formed
;

since this, however, is not stable, it decomposes immediately
into ammonia and water, the former of which escapes as a gas. Thus,
ammonium chloride and caustic soda yield ammonia in accordance

with the following equation :

NH4C1 + NaOH = NaCl + NH3 + H20.

For manufacturing purposes, the cheaper calcium hydroxide is

employed instead of caustic soda. Since calcium is bivalent, the

reaction takes place according to the scheme

2NH4C1 + Ca(OH)2
- CaCl2 + 2NH3 + 2H20.

The ammonia gas is passed into water, and is stored or trans-

ported in the form of an aqueous solution. This solution is usually
called shortly ammonia, or, also, spirit of hartshorn, a name due to

the fact that ammonia was formerly prepared by the distillation of

horns, hoofs, etc. The solution smells strongly of the gas which, when
the temperature is raised, is given off more or less readily according to

the degree of saturation. It forms the most convenient starting sub-

stance for obtaining the gas, since it is only necessary to warm it.

The water vapour which is carried over with the gas is removed by
passing the latter over solid sodium hydroxide.

Since the critical temperature of ammonia gas is 130, it can be

liquefied by pressure at the ordinary temperature. At 10 this can be

accomplished by a pressure of 6 to 7 atm.
;

the boiling point at atmo-

spheric pressure is - 33-5. At a fairly low temperature the colourless

liquid solidifies to a white mass, which melts at - 74.
On account of the favourable conditions under which it can be

liquefied, ammonia is used on the large scale for refrigerating machines

for producing low temperatures. The principle of these is that

ammonia is liquefied by pressure, the heat which is thereby developed

being led away by means of water at the ordinary temperature. The

liquid ammonia is then caused to evaporate, whereby heat is absorbed
;

the heat is taken from a salt solution of low freezing-point. The latter

is thereby reduced to the required low temperature, and is removed to

the place where the cold is to be applied. The ammonia which has
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evaporated again returns to the pump ;
the salt solution, likewise, is

returned to the machine after it has been used for cooling purposes,
and its temperature has thereby again risen.

A diagrammatic representation of an ammonia refrigerator, such

as is almost exclusively used at present, is given in Fig. 101. P is the

pump, which is fitted with the pressure valves D and the exhaust

valves S. This forces the ammonia to the condenser K, where it is

liquefied and reduced to the temperature of the condenser water.

The liquid ammonia passes through the regulating valve R into the

evaporating vessel V, where it is gasified by means of the pump ;
the

salt solution circulates through the evaporating vessel, passing out

at F, and entering again in

the warmed condition at E.

In this way a complete cycle
is obtained.

Since the heat does not

pass of itself from a lower to

a higher temperature, work
is necessary, and this is per-
formed by the engine which
works the pump P. The con-

sumption of work increases

with the amount of heat

which has to be taken up
from the salt solution and
with the depression of tem-

perature which it is desired

to effect.

In order to show the

chemical composition of

ammonia, use is made of the decomposition which it undergoes
with sodium hypobromite (p. 256). This takes place according to

the equation

2NH3 + SNaOBr = 3NaBr + 3H2 + N2 ,

the hydrogen of the ammonia being oxidised by the oxygen of the

hypobromite, and the nitrogen set free in the gaseous state. A
measured amount of ammonia gas is collected over mercury, and a

little water then passed up to it. The rapid ascension of the mercury
shows the great velocity with which the gas is absorbed by water. A
quantity of hypobromite (obtained by adding 6 c.c. of bromine, with

cooling, to a solution of 10 gm. of caustic soda in 100 gm. of water)
is added to the solution with the aid of a pipette bent at the lower

end
; nitrogen is evolved which occupies half the volume of the ammonia

(after the former pressure has been established), and can be recognised

by its property of not burning and of not supporting combustion.

2B

FIG. 101.
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Owing to the fact that it contains hydrogen, ammonia is com-

bustible, but its velocity of combustion is too small for a current of

the gas to continue to burn in air. This is possible, however, in pure

oxygen. If concentrated ammonia solution is warmed in a small glass

until it evolves gas copiously, and oxygen is passed on to the surface

of the liquid, the gaseous mixture can be ignited. Around the oxygen
tube a greenish flame is formed which burns with a whistling sound.

The ammonia does not burn to nitrogen but to nitrous and nitric acids,

which combine with the excess of ammonia to form the corresponding
salts.

Further, heated platinum promotes catalytically the combustion of

ammonia. If a heated spiral of platinum wire is hung in a mixture of

oxygen (or air) and ammonia, it continues to glow, and fumes of

ammonium nitrite and nitrate are formed. If a mixture of ammonia
and excess of air is rapidly passed over heated platinum foil, covered

with a thin layer of spongy platinum, the whole of the ammonia
can be oxidised to nitric acid.

Of the ammonium salts, that of nitric and of nitrous acid are of

especial importance here. The former yields large crystals which very

readily dissolve in water, thereby producing a considerable lowering of

temperature. If placed on glowing charcoal, it detonates, and when

carefully heated decomposes smoothly into water and nitrous oxide

This is the most convenient and usual method of preparing nitrous

oxide (p. 359).

Ammonium nitrite decomposes in a similar way, only much more

NH4N02
=N2 + 2H20.

That is to say, water and nitrogen are formed. The reaction

takes place very readily ;
it proceeds energetically even below the

boiling point of water.

For this purpose it is not necessary to prepare first pure
ammonium nitrite, but it is sufficient to bring the ions NH4

'

and

N02

'

together, i.e. it is sufficient, in order to obtain a regular current

of nitrogen, to warm a soluble nitrite (e.g. commercial sodium nitrite)

with an ammonium salt (e.g. ammonium sulphate) in aqueous solution.

It has been asserted that the reverse reaction, the combination

of free nitrogen with water to form ammonium nitrite, also occurs,

especially in the evaporation of water in the air. It must, generally

speaking, it is true, be conceded that every chemical process which

takes place in a definite direction also takes place in the reverse

sense
;

in all cases it is only a question of how much is formed.

Although exact determinations have not been made, it may be

estimated that the formation of ammonium nitrite from nitrogen
and water will most probably ensue only to an exceedingly slight
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degree, so that it seems very doubtful whether it will be possible
to

'

detect the amount formed, or, indeed, whether the ammonium
nitrite which may be found has been formed in this way.

376. Amido-compounds. When potassium is warmed in

ammonia gas, it is converted into a white mass, which when fused

appears blue
; hydrogen is evolved in the process. This mass has the

composition KNH2 ,
and is formed in accordance with the reaction

2K + 2NH3
= 2KNH2 +H2 .

Just as in the case of hydrogen chloride, HC1, and of water, H20,

one combining weight of hydrogen can be replaced by potassium (or

another metal), so, also, it is possible in the case of ammonia, H3N.

This replacement, however, becomes gradually more difficult. Whereas
most of the metals can displace hydrogen from hydrochloric acid, only
a few can do so in the case of water

; and in the case of ammonia,

only the alkali metals have this power. The resulting product, also, is

rather unstable
;
on being fairly strongly heated, it decomposes, and

in contact with water it is converted into potassium hydroxide and

ammonia, in a manner similar to the conversion of a metallic hydroxide
into a metallic chloride and water, in contact with hydrochloric acid.

The residue, NH2 , produced by the loss of one combining weight
of hydrogen from ammonia, has, in many compounds, a similar signifi-

cance to the residue of water, hydroxyl. It bears the name amidogen,
so that the compound KNH2 is called potassamide, and it is found in

many compound substances. Since it is formed from ammonia by
the loss of one hydrogen, it is univalent and can take the place of

hydrogen, chlorine, or hydroxyl. The amido-compounds are most

readily obtained from (comparatively unstable) chlorine compounds,

by acting on these with ammonia. The chlorine is then eliminated

along with hydrogen as hydrogen chloride, which for the most part
combines immediately with more ammonia to form ammonium
chloride, and the amide residue takes the place of chlorine

R . Cl + 2NH3
=R . NH2 +NH4CL

Another method of obtaining amido-compounds consists in the

action of ammonia on hydroxyl compounds : R . OH +NH3
= R . NH2 +

H
20. As a rule, the action takes place only at comparatively high

temperatures.

Thus, for example, sulphurylamide, generally called shortly sulph-

amide, is obtained by the action of ammonia on sulphuryl chloride :

S02C12 + 4NH3
= S02(NH2)2 + 2NH4C1. To ensure that the tempera-

ture does not rise too high, the sulphuryl chloride is dissolved in a

suitable solvent, and the ammonia is passed slowly in.

Sulphamide is a colourless, crystalline compound, which readily
dissolves in water, and no longer exhibits the acid properties of

sulphuric acid. Also, the solution does not appreciably conduct the

electric current, since the substance is not a salt.
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On keeping the aqueous solution, the conductivity slowly increases,

which shows that a salt is formed. This occurs by the taking up' of

water : S02(NH2)2 + 2H2
= (NH4)2S04 . That is, ammonium sulphate

is formed.

This reaction is a general one. By the action of water, the amido-

compounds pass into hydroxyl compounds plus ammonia. This is the

reversal of the method of preparation of the amido-compounds given
above

;
the reversal takes place on the basis of the law of mass action.

If the water is removed, the amide can be formed from the hydroxyl

compound and ammonia
; if, conversely, excess of water is present, it

converts the amido-compound into the hydroxyl compound.
The question may be asked if an intermediate stage does not exist

between the sulphamide and the ammonium sulphate, just as chloro-

sulphonic acid is an intermediate stage between sulphuryl chloride and

sulphuric acid. As a matter of fact, such a compound exists. From

chlorosulphonic acid and ammonia, there is formed sulphaminic acid

S02C10H + 2NH3
= S02

* +NH4C1.

In harmony with the fact that acid hydrogen is still present,

sulphaminic acid or amidosulphuric acid is a monobasic acid. It is a

colourless substance which crystallises well and readily dissolves in

water with an acid reaction
;

the solution is, however, a weaker acid

than sulphuric acid. This is a general phenomenon ;
the entrance of

an amido-group reduces the acid properties.

^/
N

&#]> Sulphaminanion is produced in the form of its ammonium salt by
the gradual action of water on the dissolved sulphamide

S02(NH2)2 + H2
=NH4S03 . NH2 .

By this reaction, sulphaminic acid shows itself still more clearly as

an intermediate compound between sulphamide and sulphuric acid.

Sulphaminic acid is also produced by a number of other reactions,

some of which will be discussed later.

Sulphaminic acid can also be regarded as a derivative of ammonia,
which has been formed by one hydrogen of the latter being eliminated

as water with one hydroxyl of the sulphuric acid, the two residues

NH2 and HS03 then uniting together. The question may be asked if

the same reaction may not occur more than once with ammonia, so

that two or three of its hydrogens experience the same substitution.

Such is the case, the following substances being known :

f H
Ammonia, N < H Sulphaminic

H

fH
inic acid, N { H

Isc

(SC
inic acid, N \ SC

\sc

Into the preparation and properties of these substances we shall

f
H S02OH

Disulphaminic acid, N \ S02OH Trisulphaminic acid, N 4 S02OH
ISO'OH [S02OH
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not enter here
;

rather they have been mentioned only for the pur-

pose of showing how conclusions by analogy may furnish a clue in

searching for new substances, the possibility of one definite reaction

giving rise to the presumption that similar reactions are possible.

Such conclusions do not always lead to a positive result, since circum-

stances may exist which show that the analogy in question does not

hold, or that it is impracticable. Still the method has proved useful

in so many cases that it constitutes one of the most important aids

in the advance of science towards the knowledge of new compounds.
The substances we have mentioned do not complete the list of the

nitrogen derivatives of sulphuric acid, but we must here forego the

discussion of further details.

In the same way as sulphuric acid, many other hydroxyl com-

pounds can also yield amides and similar derivatives. Thus, for

example, there is an amide of nitric acid, N02NH2 , obtained by a

method which cannot here be discussed
;

it forms a white, crystalline

mass, which at 70 rapidly decomposes into water and nitrous oxide.

On account of this decomposability it cannot be obtained by heating
ammonium nitrate, whereas, otherwise, heating the ammonium salts

constitutes a fairly general method for obtaining the acid amides.

377. Other Oxygen-Hydrogen Compounds of Nitrogen.
Besides the compounds of nitrogen already described, there are

a number of others which contain both hydrogen and oxygen.
The following list gives a review of the entire series of these

compounds.
The highest stage of oxidation of nitrogen, viz. nitric acid, can be

formally regarded, by the addition of SHgO, as a compound of nitrogen
with five hydroxyl groups : HN03 + 2H2

= N(OH)5 . Doubling this

formula in order to obtain an expression for the nitrogen compounds
with 2N, the following series is obtained by the gradual replacement
of the hydroxyl groups by hydrogen :

N2(OH)10
=4H2 + 2HN03 : Nitric acid.

= 5H2 +N2 5 : Nitrogen pentoxide.
N2(OH) 9H= 5H2 +N2 4 : Nitrogen peroxide.
N2(OH)8H2

=4H2 + 2HN02 : Nitrous acid.

N2(OH) 7
H3

= 5H2 + 2NO : Nitric oxide.

N2(OH)6H4
=4H2 +H2N2 2 : Hyponitrous acid.
= 5H2 +N2 : Nitrous oxide.

N2(OH)5H5
= 5H2 +N2 : Nitrogen.

N2(OH)4H6
= 2H2 + 2NH2(OH) : Hydroxylamine

N2(OH)3H7
= 2H2 + N2H5(OH) : Diamide hydrate.
= 3H2 +N2H4 : Diamide.

N2(OH)2H8
=2NH4(OH) : Ammonium hydroxide.
= 2H2 +2NH3 : Ammonia.

N2(OH)H9 : Unknown.
N2H10

=2NH5 : Unknown.

According to this table, ammonia appears as the last known member
of the series of reduction compounds of nitric acid, and between it

and nitrogen, which stands in the middle, two stages are present which
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are known, and to which the names hydroxylamine and diamide (or

hydrazine) have been given.

Hydroxylamine, NH30, is formed under various conditions by the

reduction of nitric acid or other oxygen compounds of nitrogen. It is

obtained chiefly in the form of a hydrochloride, from which the pure

compound can be obtained by decomposition with a base, with exclu-

sion of water, and distillation under reduced pressure. Hydroxylamine
is a crystalline substance which melts as low as 33 and very readily

decomposes. At a high temperature it decomposes with explosion ;

on a moderate rise of temperature it decomposes with violent evolution

of gas.

Hydroxylamine dissolves in water, yielding a liquid with an alkaline

reaction. The aqueous solution is obtained more readily by decom-

posing the salts of hydroxylamine with suitable bases, e.g. the sulphate
with barium hydroxide. On distilling the aqueous solution part of

the hydroxylamine passes over with the vapour.
As must be concluded from the alkaline reaction, there exists in

the solution a base which splits off hydroxidion. Since all the salts

of hydroxylamine are constituted according to the formula NOH4 . A,

where A signifies a univalent anion, the constitution of the basic

substance in the aqueous solution is NOH4 . OH, since NOH4

'

is the

cation of the hydroxylamine salts.

This is an exceedingly feeble base, and is much less dissociated

than ammonia. On account of its decomposability, its electrical con-

ductivity has not yet been determined with accuracy.

Hydroxylamine is very unstable to oxidising agents both in the

free state as well as in its salts, and passes readily into nitrogen and

water : 2NOH3 + =N2 + 3H2
0.

The oxygen contained in hydroxylamine and in its salts has been

regarded as united with hydrogen to form hydroxyl, and the substance

has, therefore, received the formula NH2(OH), in accordance with which

assumption the name also has been formed. The base present in

aqueous solution would, therefore, have the formula NH3(OH)2 ,
and

as, according to this, it contains two hydroxyls, it would be bivalent

and could form salts of the type NH3 . A2 ,
where A is a univalent

anion. Such salts are not known, and there is, therefore, in this direc-

tion no immediate foundation for the above assumption. The fact,

however, that hydroxylamine is such a feeble base makes the possibility

of the formation of di-acid salts recede greatly into the background.
For the oxyacids, indeed, are hydroxyl compounds in which no

basic properties can be recognised. The non-existence of bivalent

salts is, therefore, no proof against the assumption that the oxygen
in hydroxylamine forms a hydroxyl group, and since other facts

(belonging to organic chemistry) speak in its favour, that formula may
be retained.

378. Hydrazine. A further reduction product of nitrogen, of
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H
basic character, the basic properties of which are intermediate between
those of hydroxylamine and ammonia, can likewise be obtained by the

reduction of the higher oxygen compounds under certain conditions

which cannot be described here. This compound has the composition
N

2
H4 ,

and can be obtained from the corresponding salts by decomposi-
tion with bases, with elimination of water.

The substance has received the name hydrazine (from azote =

nitrogen) ;
it is also called diamide, since the atomic group NH2 has

long been called amide.

Hydrazine is a colourless liquid which boils at 114 and solidifies

at 1. It combines with water to form a hydrate N2
H60, which is

volatile without decomposition. In a further quantity of water it dis-

solves, yielding a liquid with an alkaline reaction, from which the salts

of hydrazine can be obtained by neutralisation with acids.

Two series of such salts are known, monacid and diacid. The
former have the composition N

2
H5 . A, the latter, N2

H6 . A2 . The

corresponding hydroxides are, therefore, N2H5(OH) and N
2
H6(OH)2 .

The salts of the second series are, however, very unstable and

readily decompose into salts of the first series and free acid. In

aqueous solution the same decomposition takes place almost com-

pletely. The aqueous solution, therefore, even of the free base

consists essentially of N
2
H5(OH) and of the ions of this monacid base,

viz. N
2
H5

'

and OH'. The ions formed from this by accession of

water, N2
H6

"
and 20H', are present to quite a small extent.

The solutions of hydrazine have a powerfully reducing action, and
exceed in this respect even the hydroxylamine solutions.

379. Hydrazoic Acid. The last compound of this series which
we shall mention here is hydrazoic acid, HN3 . It did not find a place
in the general summary given on p. 373, since it contains three com-

bining weights of nitrogen, and that list was extended only to two

combining weights of that element.

Hydrazoic acid was first obtained by the decomposition of organic

compounds of complex composition ;
not until later was a method dis-

covered for preparing it from simpler substances. One of the simplest
methods of preparation is from hydrazine and nitrous acid in aqueous
solution. There occurs the reaction N

2
H4 + HN02

=HN3 + 2H20.

Further, the sodium salt of hydrazoic acid, NaN3 ,
is obtained by pass-

ing nitrous oxide over heated sodamide (p. 371). The reaction is

NH
2Na + N2

= NaN3 + H20. The acid can be obtained from the

sodium salt by distillation of the aqueous solution after the addition of

sulphuric acid.

On distilling the aqueous solution obtained by one or other method,
the acid first passes over and can in this way, finally also by the use

of dehydrating agents, be obtained in the pure state. Hydrazoic acid

is thus obtained as a colourless liquid with a strong and very

unpleasant smell, which boils at 37 and explodes very readily with
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great violence. The same property is also possessed by many of

its salts in the solid state. In solution, however, the acid is fairly

stable.

In the case of this compound, the acid properties are clearly

although not very strongly developed : a 1 per cent aqueous solution

is dissociated to the extent 0-008 into its ions. On account of the

slight dissociation it can be separated from its aqueous solution

by distillation. The ions of the acid are hydrion, and the group
N3

'

;
the salts of the acid are, therefore, sometimes called metallic

nitrides.

380. Organic Nitrogen. It has already been mentioned that

nitrogen is an essential component of all living organisms, and is found

especially in those substances whose changes appear closely bound up
with vital activity. It is, therefore, of great importance to understand

the circulation of this element in the organised world.

Since free nitrogen is indifferent and no substance is known which

interacts with it at ordinary temperature, it was long believed that all

organisms must carry on life with that amount of combined nitrogen
which is at their disposal on the earth's surface. In fact, the action

of manure from animal excrement depends in large degree on the fact

that it contains combined nitrogen, which is taken up by the plants and

subsequently passes again into the animal organism.
Besides this nitrogen, rain water always contains small quantities

of ammonia, which may partly be formed from animal nitrogen which

has been evolved in the form of ammonia and is taken up from the air

by rain. The ammonia of rain water, however, frequently occurs in

the form of ammonium nitrate, and the nitric acid which is required
for this probably owes its existence to electric discharges in the air,

whereby free nitrogen is made to combine with oxygen. Here we
have at least one source from which our capital in combined nitrogen
can be increased.

Further, it has recently been found that certain low forms of life

produce substances which can unite with free nitrogen and convert this

into the combined state. These organisms occur partly alone, but

chiefly in vital association (symbiosis) with higher plants, especially the

papillionacese or leguminosse (lupines, clover, beans, peas), in the roots

of which they reside. The amount of combined nitrogen is likewise

increased by these plants. There appears, therefore, to be no immediate

danger of the earth becoming impoverished with respect to its combined

nitrogen. Lastly, attempts to cause the free nitrogen of the air to

pass into compounds of value as manures in a commercially practic-
able manner have recently met with success.



CHAPTER XVIII

PHOSPHORUS

381. General. The name phosphorus (light-bearer) was formerly used

to designate all substances which possess the property of emitting light
without at the same time having a correspondingly high temperature.
The name phosphorescence, used in physics for the after luminescence

shown by certain substances after a previous exposure to light, is a

relic of that usage. At the present day the name phosphorus is con-

fined to one element, which also exhibits the above property of cold

luminescence, although for a different reason.

Phosphorus was discovered about the year 1670 by an alchemist

Brandt, who obtained it by the distillation of the residue left on the

evaporation of human urine. He kept his method secret, but it was
soon found out by Kunkel in Germany, and Boyle in England. Gahn
and Scheele also soon found that the bones of the vertebrate animals

were a much richer source of phosphorus, and at the present day it is

still chiefly prepared from these.

The method of obtaining phosphorus depends on the fact that the

oxygen compound of phosphorus, phosphoric acid, which is contained

in the bones, is reduced by charcoal. The charcoal combines with

the oxygen, and the phosphorus is set free and distils over. The
reaction cannot be given here in detail, but will be more fully described

later.

In nature, phosphorus occurs only in the form of salts of the just-

mentioned phosphoric acid. These compounds are very widespread,

although they do not occur anywhere in large quantities. They are of

great importance for organic life, since the
"
protoplasm

"
of the cells,

the substance to which the actual vital activity is attached, always
contains small amounts of phosphorus compounds. The nerve and
brain substances, more especially, are comparatively rich in phosphorus,
which is there present in the form of phosphoric acid derivatives.

Salts of phosphoric acid or the phosphates are also indispensable for

the growth of plants. As the soil does not usually contain much of it,

this substance is, for the purpose of intensive cultivation, added to the

377
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soil. The artificial manures containing phosphoric acid play a very

important role in agriculture.
382. The Allotropic Modifications of Phosphorus. Ele-

mentary phosphorus occurs in two very different forms, with properties
so unlike that they would, at first sight, be taken for quite different

substances. The variety of phosphorus which has been longest known
is formed when the vapour of the substance is quickly cooled, which

occurs, indeed, in the preparation. The vapour then condenses to a

wax-like mass which, in the pure state, is almost colourless
;

it melts

at 44, boils at 287, is readily soluble in various solvents, and is

luminous in the air, at the same time emitting fumes. This white

phosphorus can be readily obtained in fine crystals belonging to the

regular system and having a diamond lustre, by allowing solutions of

phosphorus (e.g. in carbon disulphide) to evaporate slowly, with ex-

clusion of air. Crystals are also obtained when the slow sublimation

of the phosphorus is effected by a slight difference of temperature in

a vacuum.
The smoking and luminescence of white phosphorus in the air,

depend on the fact that it combines with the oxygen of the latter and

passes into various oxidation products, which will be described later.

Phosphorus, on lying exposed to the air, therefore, diminishes in

amount, and finally liquefies to an acid liquid, which is the solution

of the above products of oxidation in the water abstracted from the

air.

White phosphorus, on being even gently warmed in the air, takes

fire and burns with a brightly luminous flame. The appearances seen

here have already been described.

The second form, red phosphorus, behaves quite differently from the

white variety. It is obtained by heating white phosphorus out of

contact with the air, to a temperature of 250 to 300. Red crusts

then separate from the colourless, liquid phosphorus, and almost the

entire amount is gradually converted into a red solid mass. If this is

freed by suitable solvents from the ordinary white phosphorus which

is still present in small quantities, a dark red powder is obtained,

which remains for a long time unchanged in the air, does not appreci-

ably dissolve in the solvents for white phosphorus, does not become

luminous, and can be heated to a fairly high temperature without

becoming ignited. Further, red phosphorus is not poisonous, whereas

white phosphorus is highly so.

That these two substances, so different in appearance, are both

elementary phosphorus, is seen, on the one hand, from the fact that

the one can be converted without residue into the other, and, on the

other hand, from the fact that both, when subjected to the same

actions, yield the same transformation products in equal amounts.

Red phosphorus is frequently called amorphous phosphorus. This

designation is incorrect
;

the small scales of which red phosphorus
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consists are found, on microscopic examination, especially in polarised

light, to be crystalline. The conversion of white phosphorus into red

is accompanied by an evolution of heat equal to 114
Jcj.

383. Reciprocal Transformation of the Two Kinds of Phos-

phorus. That red phosphorus is formed from white by heating,
has already been mentioned. The velocity of this change depends
very greatly on the temperature ;

at 300 it is moderate, at 350,
however, it is very great so great, indeed, that explosion readily
takes place. For, since a considerable amount of heat is set free

in the transformation, the temperature of the phosphorus rises

spontaneously, and the velocity of transformation becomes thereby
so increased that a portion of the phosphorus can be vaporised by
the heat produced.

The velocity of transformation can be very greatly increased by
means of catalytically acting substances, so that the amount of trans-

formation even at a low temperature is considerable. Such a cata-

lytically accelerating agent has been found in iodine, which is effective

even when present in very small amount. Likewise, a very finely
divided product, which consequently has a bright red appearance, is

obtained from a solution of white phosphorus in phosphorus tri-

bromide (p. 388) at 170.

Light exercises a similar, accelerating influence. Sticks of white

phosphorus which have been kept for some considerable time in a

glass bottle, become covered with a red layer which consists essentially
of red phosphorus. In such a case, it can generally be clearly seen

that the outside parts, which have been most strongly exposed to the

light, are correspondingly darker in colour.

Although such different conditions are known under which white

phosphorus passes into red, there is only one method for effecting the

reverse transformation. It consists in converting the red phosphorus
into vapour and quickly cooling this. The vapour always condenses

then to colourless liquid or solid phosphorus.
If these facts are examined in the light of the relationships which

we have seen to exist between polymorphous substances, e.g. in the

case of sulphur (p. 282), we must regard the white phosphorus as the

unstable form compared with the red. This view is supported by the

various spontaneous transformations which take place at comparatively

high temperatures, and under the influence of catalysts and of light,

although the latter circumstance is not without doubt. The much

greater solubility of white phosphorus also supports the above view.

The formation of white phosphorus from the vapour, is another

case of the law that the less stable form appears first (p. 235).

In the case of polymorphous substances, now, there are two

possibilities. Either the two forms can have a transition point on

either side of which the relative stability changes, as is the case

with sulphur (p. 282) ; or, as in the case of iodine monochloride
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(p. 265), the one can be the stable, the other the unstable form,

throughout the whole accessible range of temperature up to the

melting point. Substances of the first kind are called enantiotropic,
those of the second, monotropic. In the case of white and red phos-

phorus, is the relationship one of enantiotropy or of monotropy ?

At fairly high temperatures, red phosphorus is certainly the more

stable, since it is produced spontaneously from the white. At lower

temperatures, the relationship is also the same, as is proved by the

greater solubility of the white form. Consequently, phosphorus must
be regarded as monotropic, and the red phosphorus is under all

circumstances the more stable form compared with the white. It is

also the more stable form with reference to liquid phosphorus, since,

indeed, the conversion into red phosphorus at higher temperatures
takes place from the liquid, because white phosphorus melts as low

as 44.

Objection could be taken to this view on the ground that white

phosphorus can be kept for a very long time, even in contact with the

red form, without transformation taking place. This, however, only

proves that the velocity of transformation at room temperature is

very small. This is not a mere assumption made to explain the

present relations, but is seen to be in accordance with the rule when
the following facts are kept in view.

As has already been mentioned several times, the velocity of

chemical reaction increases with a rise of temperature in such a way
that a rise of 10 or 15 corresponds to a doubling of the velocity,

and the reverse holds for a lowering of temperature. Now, the trans-

formation at 250 takes place in a few hours
;
assume it to occur in

one hour, and assume, further, that a doubling of the velocity takes

place only with every 15, then the reaction at 10 lasts 216
hours,

or about eight years. If we assume, however, that the velocity is

doubled by a rise of 10, then the time of transformation at 20 is

found to be 1000 years. This rough calculation shows that the

assumption of a very small velocity of transformation at room tem-

perature contains nothing contradictory to the general laws.

384. The Oxidation of Phosphorus in Air. Not only does

there attach to the slow combustion of phosphorus in the air the

historical interest that it led, by reason of the peculiar emission of

light, to the discovery of this element, but there still exist, at the

present day, questions of scientific interest with relation to this long-
known phenomenon which have not as yet received a satisfactory

answer.

Phosphorus is luminous in the air at ordinary temperatures, and

at the same time undergoes oxidation. The higher the temperature

rises, the more vigorous does this slow combustion become, passing, at

about 45
,
into rapid combustion.

If the concentration of the oxygen is diminished, e.g. by allowing
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the phosphorus to undergo oxidation in a confined space, the lumin-

escence continues till the last detectable trace of oxygen is used up.
Even exceedingly small amounts of oxygen are sufficient to bring
about the luminescence, and it was a matter of difficulty to show that

oxygen was, indeed, present in all cases in which luminescence

occurred.

On the other hand, even very small quantities of phosphorus are

sufficient to give rise to the luminescence in the air. This phenomenon
is, therefore, employed for the detection of traces . of phosphorus,

e.g. in cases of poisoning. For this purpose, the mass to be in-

vestigated is placed along with water in the flask K (Fig. 102), and
heated to boiling. The vapours are conducted through a twice-bent

FIG. 102.

tube into the condenser R. If phosphorus is present, a luminous ring

appears in the dark at the point a, where the aqueous vapour and,

along with it, the phosphorus vapour are condensed.

It might be expected that the luminescence in pure oxygen would
be especially vigorous. This, however, is not the case

; phosphorus
does not become luminous at all in pure oxygen under atmospheric

pressure. On diminishing this, the luminescence commences at a

definite pressure, which depends on the temperature, and which is all

the greater the higher the temperature. The fact, therefore, that

phosphorus is luminous in ordinary air is due to the partial pressure
of the oxygen of the air being below this special pressure ;

the

temperature of - 7, at which the
"
luminescence pressure

"
in pure

oxygen is ^th atmosphere, is also the limit for luminescence in air.
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The nitrogen acts as a diluent, and exerts no specific influence on

the phenomenon. Many other gases, especially the vapours of organic

substances, such as oil of turpentine or alcohol, behave differently ;

they prevent the luminescence, even when they are present in very
small amount. The reason is a great retardation of the velocity of

reaction between phosphorus and oxygen ;
the phenomenon is, there-

fore, a catalytic one. This behaviour is of importance for the above-

mentioned method of detecting phosphorus by means of the lumin-

escence, since it can make it appear as if phosphorus were absent when,
in reality, it is present.

Ozone (p. 123) is formed in the slow combustion of phosphorus in

the air, and can be readily recognised by its smell
;

that which is

usually termed phosphorus smell is nothing but the smell of ozone.

The vapour of phosphorus itself has a smell like garlic. One can

convince one's self of this by preventing the destruction of the vapour

by adding traces of a substance which prevents the slow oxidation.

If a clean stick of phosphorus, half covered with water, is allowed to

oxidise in a large flask, whereby it is advantageous to slightly raise

the temperature, the air of the flask soon becomes full of ozone, and

the reactions of this substance given on p. 124, especially the turning
brown of potassium iodide and the bleaching of litmus, can be easily

demonstrated.

Since ozone is a substance which is formed from oxygen by the

absorption of free energy, this energy must come from somewhere

else. Evidently it is the oxidation of the phosphorus which yields

this energy. In accordance with the principle stated on p. 231, such

a process can be brought about only by a coupled reaction, and it must,

therefore, be concluded that the formation of ozone takes place in such

a way that the ratio of the amount of oxidised phosphorus to that of

the ozone produced is definite and a whole number. This is, indeed,

the case ;
the experiments made on this point have shown that equal

amounts of oxygen are used up for the oxidation of phosphorus and

for the formation of ozone. It has, however, not yet been established

what the chemical reaction here is.

385. Phosphorus Vapour. The combining weight of phosphorus
is found, from its chemical relations, to be 31

;
the molar weight of

phosphorus, calculated from its vapour density, has been found, how-

ever, equal to 124, so that to this vapour the formula P4 must be

ascribed. In this respect, therefore, phosphorus differs essentially

from nitrogen, to which it exhibits many points of resemblance in

the case of its compounds, and is related to sulphur.

At very high temperatures, the density of phosphorus vapour
becomes less. Exact measurements of the progress of this process,

which presumably consists in the transformation into P
2 ,

are not

known.
In accordance with the relations existing between white and red
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phosphorus, as described on p. 379, the two forms have a very different

vapour pressure, the white having a much higher one than the red.

Since the transformation of the one form into the other occurs

comparatively slowly, both equilibria, that between white phosphorus
and its vapour and that between red phosphorus and its vapour, can

be observed. These relations are represented in Fig. 103. Above

400 white (liquid) phosphorus cannot be investigated, as its con-

version into the red form is too rapid.
As can be seen from Fig. 103, the vapour pressure of red phos-

phorus is at 350 still much smaller than that of the white at 200.

It must, therefore, be possible to distil phosphorus from a colder spot

6000mm

WOO

3000

2000

1000

200 300

Fio. 103.

'tOO 500" C

to a warmer, if we have white phosphorus at the former and red at

the latter. This apparent impossibility has been confirmed by ex-

periment. This reversal of the usual state of affairs on distillation, is

due to the fact that the distillate consists of something else than the

distilling liquid. Distillation can take place only with diminution of

the free energy, whereas, in the case of any definite substance, the

free energy certainly increases with rise of temperature. In this case,

however, the loss of free energy in the conversion into the red form is

so great that it more than counterbalances the increase due to a

moderate rise of temperature.
386. Application of Phosphorus. The low temperature at

which phosphorus takes fire, has given rise to its technical application
in the preparation of matches. The ends of small strips of wood which
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have been rendered readily inflammable by coating with sulphur

soaking with paraffin, or by slightly charring, are covered with a mass

consisting of phosphorus and a substance rich in oxygen (pyrolusite,

potassium chlorate, or such like) along with a cement (gum or dextrin).

The cement encloses the phosphorus and protects it from oxidation by
the oxygen of the air

;
the oxygen compound added accelerates the

combustion. Owing to the rise of temperature produced on rubbing
this mass on a rough surface, the temperature of ignition of the

phosphorus is exceeded at some point, the mass takes fire, and the

combustion is communicated to the wood by means of the intermediate

substance.

On account of the poisonousness of white phosphorus, which can

give rise to serious illness in the workers, its employment for the

manufacture of matches has been prohibited in Germany,
1 and en-

deavours have been made to use other substances. The heads of the

so-called Swedish safety matches do not contain any phosphorus, but

only mixtures of combustible substances and substances containing

oxygen, the temperature of ignition of which is so high that it cannot

be reached by rubbing, or can be so only with difficulty. Ignition is

effected by using a rubbing surface composed of red phosphorus along
with some additions ;

on rubbing, some of this combustible mass is

brought into contact with the material of the match-head, and the

temperature necessary for ignition is produced. Further, matches

can be made from the sulphur compounds of phosphorus (p. 399).

387. Hydrogen Compounds of Phosphorus. When white

phosphorus is heated with caustic soda solution, a gas is evolved

which has the remarkable property of igniting spontaneously in the air.

This gas consists of phosphorus and hydrogen ; in conformity with its

density, 34, and the fact that it is composed of one combining weight
of phosphorus to three of hydrogen, it must receive the formula PH3 .

The reaction which occurs here will be explained presently.
If the gas is collected without access of air, it is found to be

colourless, and only slightly soluble in water, and to have a powerful
smell like putrefying fish. It readily undergoes decomposition. Even
on being gently heated, as well as under the action of light, it de-

composes into hydrogen and phosphorus, which separates out in the

red form when the decomposition takes place in light. The gas can

also be readily decomposed by the electric spark.

Hydrogen phosphide can be mixed with pure oxygen without

igniting spontaneously. If, however, the pressure under which the

mixture stands is diminished, explosive combustion of the hydrogen

phosphide suddenly occurs at a definite small pressure, which depends
on the proportions of the two gases and on the temperature. This

phenomenon exactly recalls the behaviour of phosphorus itself, which

can also combine with oxygen only when the pressure of the latter

1 The use of white phosphorus is also prohibited in Great Britain. [Tr.]
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does not exceed a definite value. It is very possible that we are

dealing in both cases with the same phenomenon, since the hydrogen
phosphide, in consequence of its ready decomposability, will always
contain traces of phosphorus vapour.

If the spontaneously inflammable gas is kept some time, it loses

the property of spontaneous inflammability, although analysis cannot

detect any essential difference. It was, therefore, at first thought
that two different kinds of hydrogen phosphide of the same com-

position existed, until it was found that the property of spontaneous

inflammability belonged not to the pure hydrogen phosphide PH3 ,
but

to another hydride of phosphorus having the composition P2
H4 ,

which
is produced in small amount along with PH3 ,

and whose presence is

the cause of the spontaneous inflammability.
This can be proved by passing the spontaneously inflammable

hydrogen phosphide through a freezing mixture. The less volatile,

spontaneously inflammable hydrogen phosphide separates out, and the

issuing gas has now lost the property of igniting spontaneously.
The composition of hydrogen phosphide recalls that of ammonia, and

in view of the manifold resemblance between nitrogen and phosphorus,
basic properties will also be looked for in the case of hydrogen phosphide.
As a matter of fact these exist but in exceedingly slight degree.

Hydrogen phosphide combines most readily with the halogen
hydracids, above all with hydriodic acid. Both gases combine directly
on being brought together, forming a crystalline mass which has the

same crystalline form as ammonium chloride. Its composition is

represented by the formula PH4I, exactly corresponding to ammonium
chloride, NH4C1. On attempting, however, to dissolve this white

mass, which bears the name phosphonium iodide (phosphonium = PH4 ),

in water, hydrogen phosphide is evolved, and we are left with only
a solution o hydriodic acid.

In order to obtain phosphonium iodide, it is not necessary to

prepare the two gases separately, but it can be obtained in one

operation by the action of phosphorus and water on iodine. For this

purpose, white phosphorus (4 parts) is placed in a retort along with

iodine (10 parts), and carefully heated with water (3 parts). A two-

fold reaction takes place, one portion of the phosphorus withdrawing
oxygen from the water, so that the hydrogen can combine with the

iodine to hydrogen iodide. On the other hand, the hydrogen so pro-
duced goes to form hydrogen phosphide. The total reaction can be

expressed by the equation 5I + 9P + 12H2
= 4HP03 + 5PH4I.

The above-mentioned hydrogen phosphide, which inflames spon-

taneously in the air, has the composition P
2
H4 ;

it is a colourless

liquid, which boils at 57. It is an unstable substance, and in light
as well as in contact with various catalytic substances it yields a

yellow, solid substance, P4H2 ,
or solid hydrogen phosphide, hydrogen

phosphide gas being formed at the same time.

2c
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388. Halogen Compounds of Phosphorus. Phosphorus com-

bines in several proportions with all the halogens, so that we have

here a large variety of different compounds. These are mostly very

reactive, i.e. have a tendency to undergo decompositions with other

substances, and are used as important reagents in many preparations.

If chlorine is passed over phosphorus contained in a retort from

which the air has been previously displaced by carbon dioxide, in

order to prevent the phosphorus igniting spontaneously, direct com-

bination of the two takes place. The heat thereby developed is

sufficient to vaporise the greater part of the compound formed, and

this condenses, therefore, in the receiver as a colourless liquid.

The reaction proceeds in the above manner when a sufficient

amount of phosphorus is present ; if, however, the chlorine is in

excess, another substance is formed, which will be discussed later.

The above substance is obtained in the pure state by distillation,

some phosphorus being added to retain any excess of chlorine which

may be present. It forms a colourless liquid which boils at 76, and

has a density 1-6. The molar weight of the vapour is 138. Accord-

ing to this, and in accordance with the results of analysis, it has the

formula PC13 ;
it is called phosphorus trichloride, or, in view of the

existence of a higher chloride of phosphorus, phosphorous chloride.

Phosphorus trichloride reacts readily with water and other sub-

stances containing hydrogen and oxygen. The reaction thereby pro-
ceeds in such a way that the chlorine combines partially or entirely

with hydrogen to form hydrogen chloride, while the oxygen unites

with the phosphorus to form an acid, phosphorous acid, which will

be described later. In this way phosphorus trichloride acts as a

dehydrating agent, and it is not necessary that the water should.be

present as such, but may be represented in the compounds merely by
its elements. The reaction has nothing to do with the

"
predisposing

affinity," for as the hydrogen and the oxygen here experience quite

different fates, they need not previously have stood in any direct

relation to one another.

The above-mentioned decomposition is also brought about by the

water vapour of the air, and for this reason phosphorus trichloride

fumes when its vapour comes in contact with moist air.

In the formation of the trichloride, 316 kj are developed.
When chlorine is allowed to act on phosphorus or on the trichloride

it is readily absorbed, and there is formed a solid substance of a pale

yellowish-green colour which contains five combining weights of chlorine

to one combining weight of phosphorus, and is therefore called phos-

phorus pentachloride or phosphoric chloride.

Phosphorus pentachloride, PC15 ,
does not melt under the ordinary

pressure, since its boiling point lies below its melting point. Since,

however, the boiling point of all substances rapidly rises as the pressure

increases, whereas the melting point is affected to scarcely an appreci-
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able extent by pressure (p. 58), the boiling point can, by increasing
the pressure, be brought nearer and nearer to the melting point and

may finally reach it. In the case of phosphorus pentachloride this

temperature is 148, and the pressure amounts to several atmospheres.
Under these circumstances, the pentachloride can simultaneously exist

in the solid, liquid, and vaporous states, just as, e.g. water can at

(more exactly, at +0-0073, p. 58). Under a still greater pressure,
the pentachloride behaves like most other substances

;
it first melts,

and afterwards boils if the temperature is further raised.'

In accordance with the formula PC15 ,
the vapour of phosphorus

pentachloride should have the molar weight 208. The determination

of this, however, shows that this value is never reached, but that the

actual density of the vapour is less. The difference varies, the

density being so much the less the higher the temperature and the

lower the pressure. In this respect, the vapour of the pentachloride
behaves in a perfectly similar manner to- the vapour of nitrogen

peroxide (p. 352).

Here, also, it can be assumed that the vapour is not a single

substance, but that the pentachloride in the vaporous state partially

dissociates into phosphorus trichloride and chlorine, in accordance with

the equation PC15 = PC13 + C12 . Such a mixture of trichloride and
chlorine must have half the density of the vapour of the pentachloride,

for, as the equation shows, one volume of the vapour is converted at

the same pressure into two volumes of its decomposition products.
The observed values of the molar weight lie between the two limits

208 and 104, and from the densities observed under given conditions

the proportions of trichloride vapour and chlorine which would yield
a mixture of that density can be calculated (p. 353).

Confirmation of this view can be obtained in another manner.

The vapour of the pentachloride has the yellowish-green colour of

chlorine only in a slight degree. If, now, it be ascertained in what

proportions chlorine must be mixed with any colourless gas in order

to yield a gas of the same colour as the pentachloride vapour, it may
be concluded that the same proportion of chlorine is contained in both.

The determination made in this way of the amount of chlorine in the

vapour of the pentachloride agreed sufficiently with the value calculated

from determinations of the density, on the assumption of a partial

dissociation into trichloride and chlorine.

Phosphorus pentachloride fumes strongly in the air and has a

powerful irritant action on the mucous membranes, so that care must
be exercised in working with it. With water it rapidly undergoes

decomposition, with formation of phosphoric and hydrochloric acids

(vide infra}. The pentachloride, also, acts on many other compounds
similarly to the trichloride. In this case, however, it is chiefly the

large amount of chlorine contained in the compound which in the first

place comes into action, and the pentachlorj^fc^ therefore, an agent
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for introducing chlorine into other compounds. More especially does

it act on hydroxyl compounds in such a way that chlorine takes the

place of the hydroxyl ;
the pentachloride thereby passes into phosphorus

oxychloride, a compound which will be described later. In conse-

quence of this reaction it is widely applied, especially in organic

chemistry.
The heat of formation of phosphorus pentachloride is 440 kj ;

in

the conversion of the trichloride into the pentachloride by free

chlorine, therefore, a considerable quantity of heat, viz. 124 kj, is

developed.
389. The Other Halogen Compounds of Phosphorus.

Phosphorus unites with bromine to form two compounds which are

quite similar to those of chlorine and exhibit corresponding reactions.

Phosphorus tribromide, PBr3 ,
is a liquid which boils at 175, and

phosphorus pentabromide is a yellow-brown solid the vapour of which

contains free bromine.

Such a great similarity to the chlorine compounds is, however, not

shown by the iodine compounds of phosphorus. Phosphorus triiodide,

PI3 ,
is a red, crystalline substance which is formed from its elements

with slight evolution of heat. A phosphorus pentaiodide is not

known. There exists, however, a well-characterised subiodide of

phosphorus which, in accordance with its composition and vapour

density, has the formula P2
I4,

and is also a red, crystalline substance.

This iodide can also be obtained by the direct union of the elements,

which takes place with slight rise of temperature. It is better to dis-

solve both in a common solvent, e.g. carbon disulphide, whereby
combination takes place immediately, and then to distil off the solvent

with exclusion of moisture. The compound is thus obtained pure, in

fine red crystals.

Both compounds are decomposed by water into oxyacids of phos-

phorus and hydriodic acid, and serve, therefore, for the preparation of

the latter (p. 260). If a small amount of water and a comparatively

high temperature are employed, a portion of the phosphorus also com-

bines with the hydrogen of the water, and phosphonium iodide is

formed (p. 385).

Only one compound of phosphorus with fluorine is known ;
this

has the formula PF
5

. This is a gas which is rapidly decomposed by
water, and which at medium temperatures passes into a liquid only
under a high pressure.

The heat of formation of phosphorus tribromide is 187 kj, that

of the pentabromide 247 kj ;
that of phosphorus diiodide, P2l4>

is 82 kj.

390. Oxygen Compounds of Phosphorus. Similarly to most

of the elements hitherto discussed, phosphorus forms with oxygen and

hydrogen a number of acids which differ from one another by contain-

ing different amounts of the former. These compounds, however, differ
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from the previous ones in the fact that they are in general polybasic,
i.e. contain several combining weights of hydrogen replaceable by
metals.

The most important of these compounds is phosphoric acid. This

name embraces several acids, all of which can be regarded as hydrates of

the same anhydride, P2 5 , phosphorus pentoxide, but which differ from

one another in the different proportions of water and anhydride.
Such differences have already been met with in the case of sulphuric
acid and sulphurous acid ; they could, however, be detected only in the

case of the salts, and disappeared in the solutions of the free acids. In

the case of the phosphoric acids, the differences remain for a measurable

period of time even in aqueous solution, and furnish evidence for the

propriety of the view expressed in the previous cases.

391. Phosphorus Pentoxide. This substance, which is pro-
duced in the rapid combustion of phosphorus in the air or oxygen, we
have already repeatedly met with. It can be obtained in any desired

amount by means of the apparatus shown
in Fig. 104. A is a cylinder of sheet-iron

through which, by means of the side tubes

a and b, a current of air dried with sul-

phuric acid is passed. Within the cylinder
there hangs a dish in which burning phos-

phorus is placed at the commencement of

the experiment. When this has burned

away, it is only necessary to throw in small

pieces of phosphorus through the short

tube c
;
in the warm dish the phosphorus

takes fire spontaneously. The phosphorus

pentoxide produced forms a loose, snow-

like mass which, after opening the lower

tube d, can be shaken down into a dry
vessel.

Phosphorus pentoxide has the com-

position represented by, the formula P
2 5 ,

and is the highest known oxide of phosphorus. It is a white mass,
which sublimes at a low red heat. When obtained by the combustion

of phosphorus, it is not quite pure ; apart from traces of water, which

it has generally attracted, it usually contains some phosphorus trioxide

in consequence of incomplete combustion. It can be purified by sublima-

tion in a current of dry oxygen.
The most striking property of the pentoxide is its great tendency

to absorb water. It rapidly becomes liquid in the air
;

if thrown into

water, it combines with the latter with a hissing sound in consequence
of the strong development of heat. The pressure of the aqueous

vapour from the resulting compound is exceedingly small, so that

phosphorus pentoxide is the most effective desiccating agent known.

FIG. 104.
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It is used in all cases where it is desired to withdraw the last remov-
able traces of water vapour. If it is to be used for drying gases, it is

well to absorb most of the water vapour by means of an ordinary

desiccating agent, e.g. sulphuric acid, and to use the pentoxide only
for the final drying.

Besides being employed for absorbing existing water, phosphorus
pentoxide is used to bring about reactions which take place with
elimination of water. An example of this has already been cited in

discussing nitrogen pentoxide (p. 350). Such reactions were formerly
ascribed to a peculiar kind of chemical affinity, the predisposing affinity.

It was assumed that a substance which has a great affinity to a definite

compound can bring about the formation of this compound from its

elements. Such a view, however, contains the assumption that the

affinity to a substance, which is as yet quite absent, brings about the

reaction which leads to its formation, i.e. an assumption that an action

proceeds from a thing which is not present.
The proper manner of regarding this and similar reactions is to be

sought in the law of mass action. Nitric acid is decomposed in a very
slight degree into water and anhydride ;

1
if phosphorus pentoxide is

added, the water is converted into another compound, and fresh acid

must decompose into water and pentoxide, in order that equilibrium

may be again established. This process is repeated until one of the

participating substances is exhausted, or until a chemical equilibrium
is established between the new substances.

The assumption made here that those substances, whose forma-
tion from given substances as a result of known reactions is possible,
are in reality present, although frequently in immeasurably small

amount, is no arbitrary assumption, made to
"
explain

"
otherwise

unexplained, phenomena, but it is demanded by the laws of thermo-

dynamics, which is one of the best-founded general postulates. The

proof of this, certainly, cannot be given here.

392. The Phosphoric Acids. In accordance with the following

equations, phosphorus pentoxide unites with water to yield three

different acids- P0 +H0 = 2HP0

2H3P04 .

The first acid is monobasic, and is called metaphosphoric acid
;
the

second is tetrabasic, and is called pyrophosphoric acid
;
and the third,

finally, is tribasic, and is called orthophosphoric acid, or ordinary phos-

phoric acid. When phosphoric acid is spoken of without any prefix,

or^ophosphoric acid is always meant.
1 This decomposition has not yet been experimentally proved, since there is no

reagent by which nitrogen pentoxide can be detected in presence of nitric acid. In the
case of sulphuric acid, however, the anhydride of which can be recognised by its

volatility and the corresponding fuming in the air, the decomposition can be easily
observed (p. 315).
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Of the three acids, the last is by far the most important. In

nature, compounds of it alone are found, and the other acids pass

spontaneously, in aqueous solution, into the orthophosphoric acid, just
as the different forms of sulphur at the ordinary temperature all pass

ultimately into rhombic sulphur as being the most stable form.

Orthophosphoric acid is obtained by dissolving phosphorus pent-
oxide in water and allowing the solution to stand for a length of time,

preferably in the heat. The least stable form, metaphosphoric acid, is

first formed, and this gradually passes into the stable form. The acid

is obtained more conveniently by oxidising white phosphorus with

dilute nitric acid. The phosphorus dissolves with evolution of nitric

oxide
;

the phosphoric acid which is formed can be readily freed from
the excess of nitric acid and its reduction products, by concentrating
and heating.

Orthophosphoric acid is obtained in this way as a viscous liquid,

which crystallises only slowly and with difficulty. The melting point
of the pure acid is 42

;
the melting point is lowered by the presence

of water, and likewise, also, by the presence of the less hydrated acids.

This is due to the general fact that the melting point of every sub-

stance is lowered by the presence of a foreign substance.

Impure phosphoric acid is obtained from bone-ash. The bones of

the mammals consist partly of the calcium salt of orthophosphoric acid

and partly of organic nitrogenous matter which, on heating with water,

passes into glue. If the bones are heated in the air, they first become
black owing to the carbonisation of the organic substances

;
on con-

tinuing the heating, the charcoal burns and the calcium phosphate is

left in the form of white masses retaining the outward form of the

bones. This residue is called bone-ash.

If powdered bone-ash is mixed with dilute sulphuric acid, there

occurs a reaction of the kind described on p. 317. Calcium sulphate is a

sparingly soluble salt, and for this reason it is formed from the sulphuric
acid and calcium phosphate, and phosphoric acid is formed at the same
time. On filtering the mass, the aqueous solution of phosphoric acid

which is formed is separated from the precipitate of calcium sulphate.

Since, however, this salt is not too sparingly soluble, a certain

amount of it remains in the solution. Since, also, bone-ash is not

pure calcium phosphate, and some of the impurities also form
soluble compounds under the action of sulphuric acid, the phosphoric
acid obtained in this way is not pure, although pure enough for

many technical purposes.
As can be gathered from this description, phosphoric acid is soluble

in water. Indeed, it is so soluble that its solubility has hitherto never

been determined. Even small amounts of water lower the melting

point of phosphoric acid below room temperature, and thus convert it

into a solution which, certainly, contains only a small quantity of the

solvent, i.e. of water.
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The aqueous solution reacts acid to litmus, and has a pure and

pleasantly acid taste. Its electrical conductivity is comparatively

slight ;
one mole of phosphoric acid dissolved in 10 litres of water,

contains only a quarter as much hydrion as an equally dilute hydro-
chloric acid solution.

Phosphoric acid is a tribasic acid and can therefore form three

series of salts in which one, two, or three combining weights of hydro-

gen are replaced by metals. Since there are two different acid salts and
one normal salt, these are distinguished by stating in Greek numerals

how many combining weights of hydrogen are replaced. Thus, mono-

potassium phosphate is the salt KH
2P04 ,

dfo'-sodium phosphate is

Na
2HP04 , and Zn'-silver phosphate is Ag3P04 . In nature, only salts

of the last type, or normal salts, occur.

On attempting to neutralise an aqueous solution of phosphoric acid

with caustic soda with the aid of litmus, no sharp transition is obtained.

Instead of the three combining weights of caustic soda which would be

required for the formation of the. normal salt according to the equation
H3P04 + SNaOH = Na3P04 + 3H20, less than two are required to pro-
duce an alkaline reaction, and the blue coloration of litmus appears

gradually, so that no definite moment can be given at which the liquid
reacts neutral. Also, the amount of caustic soda depends on the

dilution
;
the more dilute the solution, the sooner does the blue colour

appear.
The cause of these phenomena is the difference in the dissociation of

the three hydrogen atoms of phosphoric acid. The dissociation H3P04
=

H' + H2P04
'

occurs comparatively easily and in measurable amount.
The further dissociation H2P04

' = H' + HP04
"
takes place only in very

slight degree, and the third dissociation, HP04
" = H' + P04'", is ex-

ceedingly slight. When, therefore, a normal salt, e.g. the sodium
salt Na3P04 ,

is dissolved in water, the corresponding ion P04
'"

cannot

exist, but acts on the water of the solvent in the sense of the equation
P04

"' + H2
=HP04

" + OH'. Hydroxidion is produced, and the liquid
must therefore react alkaline. In other words, we have here again
a case of hydrolysis (p. 275).

The bivalent ion, HP04", also experiences in slight degree a

similar transformation in aqueous solution, HP04
" + H2

=H
2P04

' +

OH', so that the disodium phosphate also undergoes slight hydrolysis,
and therefore exhibits a feeble alkaline reaction. This is, however,
much feebler than in the case of the normal salt.

Since these different equilibria exist side by side, and are also

dependent on the temperature and the dilution, it is clear that on

neutralisation the hydrion does not suddenly disappear, as in the case

of strong acids, but its amount diminishes gradually and continuously.
Eor this reason, no sudden but only a continuous change of colour

occurs when the litmus is present.
The heat of formation of the tervalent phosphanion P04'",
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amounts to 1246 kj ;
that of the bivalent hydrophosphanion, P04H",

1277 kj.

393. Pyrophosphoric Acid. If orthophosphoric acid is carefully
heated to 250, it loses water and is converted into pyrophosphoric
acid, H4P2 7

. This process takes place in accordance with the

equation,
2H3P04

=H4P2 7 + H20.

A sure means of obtaining pure pyrophosphoric acid is to heat

such salts of orthophosphoric acid as contain just enough hydrogen to

yield a residue of pyrophosphate. This happens in the case of the

salts in which two hydrogens are replaced by metal, e.g. ordinary di-

sodium phosphate. If this salt is heated, the following reaction takes

place
2HNa

2P04
= Na4P2 7 + H20.

The free pyrophosphoric acid can be obtained in aqueous solution

from the pyrophosphate thus formed, by converting the latter into the

sparingly soluble lead salt and decomposing this with sulphuretted

hydrogen.
Unlike pyrosulphuric and pyrosulphurous acids (pp. 319 and 310),

pyrophosphoric acid retains its state in aqueous solution for a time,
and changes only slowly into orthophosphoric acid. The latter repre-
sents the stable state to which the aqueous solution of the acid under
all circumstances approaches. The velocity with which this condition

of equilibrium is reached depends on the temperature and the con-

centration of the hydrion in the solution
;

the latter accelerates the

transformation catalytically. For this reason the transformation

takes place much more quickly if nitric acid is added to the solution

and the concentration of the hydrion thereby increased.

Apart from the composition of the salts, pyrophosphanion is dis-

tinguished by various reactions from orthophosphanion. As is

apparent from the formula, it is tetrabasic, and forms, accordingly,
four series of salts. The neutral or normal salts contain two com-

bining weights of an univalent metal or univalent cation to one

combining weight of phosphorus, whereas normal salts of orthophos-

phanion contain three combining weights of an univalent cation to

one of phosphorus.
To distinguish the two ions, silver nitrate is added to the solu-

tion. If the ion P04

'"
be present, a yellow silver salt of the composi-

tion Ag3P04 is precipitated ; pyrophosphates, or the ion P2 7"", yield,

on the other hand, a white precipitate of the composition Ag4P2 7
.

By means of this reaction also, one can observe the slow transformation

of a solution of pyrophosphoric into orthophosphoric acid.

394. Metaphosphoric Acid. On heating orthophosphoric acid

more strongly, it passes into metaphosphoric acid, which analysis shows to

have the composition HP03 . Its composition is, however, not repre-
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sented by the simple formula but by a multiple formula (HP03) n ,
where

n is a whole number. There are various metaphosphoric acids which are

probably distinguished from one another by the difference in the value

of n
;

the chemistry of these compounds, however, has as yet been

cleared up only to a rather small extent.

Metaphosphoric acid obtained in the above manner forms a glass-

like mass which, at a moderately high temperature, melts to a viscous

liquid, and, on cooling, forms an amorphous solid. The "
glacial

"

phosphoric acid of commerce is metaphosphoric acid. It dissolves in

water, yielding an acid liquid the reactions of which are different

from those of the other phosphoric acids. It gives, indeed, like pyro-

phosphoric acid, a white silver salt, but has the further property of

precipitating albumen, a property which is not possessed by the other

phosphoric acids. A solution of metaphosphoric acid is used, therefore,

to detect the presence of albumen, e.g. in urine. For this purpose the

solution of the acid must be freshly prepared, since, on keeping, it is

slowly converted into orthophosphoric acid.

For this transformation the same general remarks hold as were

made for the corresponding transformation of pyrophosphoric acid.

Pyrophosphoric acid has, however, not been detected as an intermediate

product, although, on theoretical grounds, it is probable that it is

indeed formed.

Also when phosphorus pentoxide is dissolved in water, metaphos-

phoric acid is formed as the first product, and not the form which is

most stable under these circumstances, viz. orthophosphoric acid, in

accordance with the general law of the first appearance of the less

stable forms.

395. Chlorides of Phosphoric Acid. If orthophosphoric acid

were capable of further taking up one combining weight of water,

a pentabasic acid would be produced : H3P04 +H2
=H

5
P05

or P(OH)5
.

If one imagines all the hydroxyls of this acid to be replaced by
chlorine, we obtain PC15 ,

the phosphorus pentachloride already de-

scribed. As a matter of fact, the chloride, when decomposed with

water, yields phosphoric acid along with hydrochloric acid : PC15 +
4H2

=H3P04 + 5HC1.

Besides this chloride, there is also known the chloride of ortho-

phosphoric acid, if the formula of this is written PO(OH)3 . This

chloride has the composition POC13 ,
and is usually called phosphorus

oxychloride.

Phosphorus oxychloride is a colourless liquid, which has the density

1-68, and which boils at 107 and fumes in the air. It is violently

decomposed by water to hydrochloric and orthophosphoric acids :

POC13 + 3H2
-H3P04 + 3HC1.

The compound is prepared by the action of small amounts of

water on the pentachloride: PC1
5 + H2

= POC13 + 2HC1. In place
of water, numerous other compounds can be used in which oxygen
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and hydrogen are present. If such a compound is represented by
the formula E . OH, the reaction takes place according to the equation
R . OH + PC15

= R . Cl + POC13 + HC1. In case of hydroxyl com-

pounds this reaction occurs so readily and regularly that it is used to

determine whether hydroxyl should be assumed in any given com-

pound or not. In organic chemistry, especially, phosphorus penta-
chloride is used in this way as a reagent for hydroxyl.

As an example of this action it may be cited that sulphuric acid

on being treated with phosphorus pentachloride, yields chlorosulphonic
acid or sulphuryl chloride (p. 330), according to the proportions
used. The reactions take place in accordance with the equations
S02(OH)2 + PC15 = HOS02C1 + HC1 + POC13 and S02(OH)2 + 2PC15 =

Similarly, nitryl chloride is formed by the action of the penta-
chloride on nitric acid : N0

2
OH + PC15

=N02C1 + HC1 + POC13 .

Another preparation of phosphorus oxychloride is from phosphorus

pentachloride and pentoxide. It takes place according to the equation
P

2 5 + 3PC1
5
= 5POC13 ,

if the two substances are mixed in the proper

proportions and heated in a sealed tube.

The method of allowing substances to act on one another

in sealed glass tubes is employed when it is desired to use a fairly high

temperature above the boiling point of one of the reacting substances

under atmospheric pressure. The necessity for a higher temperature
occurs when the reaction does not proceed quickly enough at lower

temperatures. Even in the case of substances sealed up in glass tubes,

which must be made of strong glass and carefully sealed off, the

volatile substance, it is true, will partially vaporise ;
the pressure in

the interior of the tube, however, thereby rises, and with it also the

boiling point, so that the greater part of the substance does not pass
into vapour.

The pressure hereby produced has, in general, only a slight

influence on the chemical reaction ;
the essential point is the possibility

of raising the temperature without the substance evaporating.
The heat of formation of phosphorus oxychloride is 611 Jcj.

396. Phosphorous Acid. When phosphorus trichloride is de-

composed with water, there is formed the compound P03H3 ,
which has

acid properties and is called phosphorous acid.

The reaction which leads to the formation of phosphorous acid is

represented by the equation PC13 + 3H2
= P(OH)3 + 3HC1. It takes

place with great rise of temperature, and this can easily effect a further

decomposition of the phosphorous acid. It is, therefore, expedient to

use concentrated hydrochloric acid in place of pure water. The hydrogen
chloride formed will then not be dissolved but will escape as a gas,

and the heat of reaction will thereby be diminished by the amount of

the heat of solution of hydrogen chloride. The resulting acid liquid

is freed from the excess of hydrochloric acid by evaporation on the
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water-bath, and the pure phosphorous acid, melting at 74, crystallises

out from the liquid on cooling.
Since phosphorous acid contains one combining weight less oxygen

than phosphoric acid, it can, by taking up oxygen, pass into the latter
;

it then acts as a reducing agent. On being heated, it acts in this way
on itself, whereby a portion is reduced to hydrogen phosphide :

4H3P03
= 3H3P04 + PH3 . We have here assumed the formation of

orthophosphoric acid
;
as a matter of fact, this loses water simultan-

eously and passes into metaphosphoric acid. The corresponding change
in the equation can be easily made. The hydrogen phosphide which

is formed takes fire at the temperature of decomposition, and burns

with a greenish flame.

Phosphorous acid also behaves as a reducing agent in aqueous
solution, and withdraws oxygen and halogen from many substances.

Thus, the silver and mercury salts, more especially, are reduced

to the metals, which are precipitated from the solution. This

reaction is used more especially for the detection of dissolved

mercury compounds.
In neutralising phosphorous acid with the aid of litmus or any

other indicator, no sharp transition is obtained. The liquid becomes

blue before the second equivalent of caustic soda or potash has been

added, so that, at most, only two combining weights of hydrogen of

the acid can be replaced by metals in aqueous solution, and even, in

the solid state, no salts of phosphorous acid are known in which more
than two combining weights of hydrogen are replaced. Phosphorous
acid is, therefore, regarded as a dibasic acid, and normal phosphosion has

the formula P03H".

This behaviour can be expressed by assuming that the two

replaceable hydrogens are joined to oxygen to form hydroxyl,
whereas the third is united directly to phosphorus. This would

ron
give the formula OP - OH. According to this, phosphorous acid

IH
would be a derivative of phosphoric acid, in which one hydroxyl
is replaced by hydrogen.

The circumstance, however, that phosphorous acid is formed

quite smoothly by the action of water on phosphorus trichloride,

speaks against this. The formation of the acid by water is a

typical reaction of the acid chlorides
; these, on the other hand,

are derivatives of the acids formed by the replacement of hydroxyl

by chlorine. According to these reactions, phosphorus trichloride

ought to be the chloride of phosphorous acid, and this ought, there-

fore, to have the formula P(OH)3 .

These contradictory views are not irreconcilable. It is not

necessary that all the hydrogen which is present in hydroxyl should

be replaceable by metals. According to what was said on p. 296, the
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gradual dissociation of a polybasic acid must take place with greater

difficulty with each successive step. We have here a case where the

last stage is so difficult to attain that, under normal conditions, no

replacement of the third hydrogen by metals occurs, and the formula

P(OH)3 can be quite well reconciled with the dibasic nature of phos-

phorous acid. If it is desired to give expression to this, the formula

can also be written H2P02(OH).
The foregoing discussion furnishes an example of how attempts

are made to express the so-called
"
constitution

"
of a compound by

the way in which the formula is written. By this is meant that the

formula is written in such a way as to give expression to the most

important reactions of the substance in question, so that these can be

easily read out of the formula.

The means adopted for this consists in writing those elements

which are often eliminated together in such a way that they appear
side by side in the formula

; they are sometimes still further separated
from the other elements by means of a bracket or a dot.

Such a separation can, for example, be very well carried out in

the case of salts in respect of the two ions, and the formula of

ammonium nitrate is, therefore, not written N
2
H4 3 ,

which represents
the total composition, but in the form NH4 . N03 ,

to show that the

salt when dissolved in water dissociates into the ions NH4

'

and N03'.

In the case of the polybasic acids, which can form several ions,

this separation causes some difficulty. In such cases it is carried out

in such a way that all the hydrogen which could form hydrion if the

dissociation were complete, is separated ; thus, phosphoric acid is

written H3P04 ;
in this way all the three hydrogens are made to

appear as ions, although, in aqueous solution, the third hydrogen is

dissociated only to a very slight extent. In the case of phosphorous
acid, only two hydrogens are regarded as ions, although we are

probably dealing only with a difference of degree, and not with an

essential difference.

The demand for a universally valid formula can be still less met
where we are dealing with oxy-acids which can, on the one hand, split

off hydrion, and, on the other hand, when water is excluded, act as

hydroxyl compounds. This is the case, for example, with sulphuric
acid. This difficulty is overcome by employing different formulae,

according to the reaction to which it is desired to give expression.

Accordingly, sulphuric acid, as acid, is written H2S04,
or H

2.S04 ;
as

hydroxyl compound, however, S02(OH)2 . In other words, the
"
constitution

"
of sulphuric acid cannot be represented by a single

formula, and use is therefore made of more than one, according as

they are required.
One might, perhaps, also unite the two formulae by using the

latter and stating the rule that the hydrogen attached to the oxygen
in hydroxyl is specially capable of being split off as hydrion. We should
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then, however, come back to the contradiction of phosphorous acid,

apart from the fact that no splitting off of hydrogen can be detected in

the case of the basic hydroxides.
The question must be asked, why it is that these relations give

rise to such changing formulation, whereas many other relations could

be established with definiteness and free from contradiction. The
answer is that it is here a question of representing very varied

relations, the laws of which depend on many more variables than are

expressed in the chemical formula. The task consists, indeed, of

giving a summary of all the transformations which one substance can

undergo with others
;

these transformations, also, so far as their result

is concerned, are not quite definite, but depend to a large extent on
external conditions, such as temperature and pressure or concentration.

All these varied relationships cannot of course be represented by the

simple means of the relative arrangements of the elementary symbols,
even with the assistance of space, and a

"
constitutional formula

"

must therefore always remain one-sided and be limited to the representa-
tion of definite relations which have a special importance from their

frequent occurrence.

By the very careful oxidation of phosphorus in a slow current of

air, a white substance is obtained, which differs from the phosphorus

pentoxide by its low melting point (22-5), and its volatility (boiling

point 173). Analysis shows it to contain three combining weights of

oxygen to two of phosphorus ; determinations of the vapour density,

however, give the molar weight as 220, and lead, therefore, to the

formula P4 6
. It is the anhydride of phosphorous acid, for

397. Hypophosphorous Acid. The salt of this acid is formed

along with hydrogen phosphide by the action of caustic soda or caustic

potash on phosphorus (p. 384). The reaction takes place according
to the equation,

4P + 3NaOH + 3H2
= 3NaP02

H
2 + PH3 ,

and the salt produced is found in the solution. For the purpose of

preparing the acid, barium hydroxide is used ;
this acts in a quite

similar way, and gives rise to a solution of barium hypophosphite. The
salt is obtained pure by evaporation and recrystallisation, and is then

decomposed with the requisite amount of sulphuric acid. From the

aqueous solution, the free acid is obtained by careful evaporation as a

crystalline mass, which melts at 17, and is very soluble in water.

Hypophosphorous acid has the composition H3P02 ;
of the three

combining weights of hydrogen, however, only one can be replaced by
metals, so that the acid is monobasic. Hypophosphosion has therefore

the formula P02
H2'.

In its other reactions, hypophosphorous acid is very similar to
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phosphorous acid. Like it, it is a reducing agent which precipitates
noble metals from their solutions ; also, on being heated, it evolves

hydrogen phosphide, which immediately ignites.

The salts are almost all soluble in water, so that none of them can

be used for the identification of the acid.

An oxygen compound of phosphorus, which would correspond to the

anhydride of this acid and would have the formula P20, is not known.

398. Hypophosphoric Acid. In the acid liquid which phos-

phorus yields on being left exposed to moist air, there is contained,

besides phosphoric and phosphorous acids, a compound which is inter-

mediate between these two ;
this is called hypophosphoric acid, and has

the composition H4P2 6
. As can be seen from the formula, it is a

tetrabasic acid
; hypophosphanion has the formula P

2 6"".

The acid is obtained from the above mixture by partly neutralising

it with caustic soda and allowing to stand
;

the acid sodium salt

Na2H2
P2 6

then slowly separates out, and this is converted into the

sparingly soluble lead salt which can be decomposed by means of

sulphuric acid or sulphuretted hydrogen.

Hypophosphoric acid behaves, in general, similarly to phosphorous
acid, but its reducing properties are less pronounced. On being heated,

the free acid, like all the lower acids of phosphorus, passes into

phosphoric acid, with simultaneous evolution of hydrogen phosphide,
which partly burns and partly decomposes into hydrogen and red

phosphorus.
399. Lower Oxides of Phosphorus, Various investigators

have repeatedly prepared substances similar in appearance to red

phosphorus, and have claimed them to be lower oxides of phosphorus.
Since they have all been obtained as insoluble and non-volatile residues,

their purification and characterisation are difficult, so that it is still

doubtful whether one is dealing with pure substances.

400. Sulphur Compounds of Phosphorus. When white phos-

phorus and sulphur are brought together, yellowish liquids are obtained

which fume in the air and are readily inflammable. These were for a

long time regarded as compounds of phosphorus with sulphur, but it

has been found that they are only solutions of the one element in the

other. Since the melting point of every solid substance is lowered by
the solution of another substance in it, this must also be the case with

phosphorus when sulphur is dissolved in it. The impression that

chemical combination had taken place here was caused only by the

fact that the melting point of the phosphorus, which, for the pure
substance, is 44, is hereby depressed to below room temperature, so

that the solutions comparatively rich in sulphur remain liquid.

Compounds of the two elements, however, corresponding to the

oxygen compounds of phosphorus, are obtained by allowing them to

act on one another at a moderately high temperature. With white

phosphorus so much heat is thereby developed that .dangerous
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explosions can occur
;

if red phosphorus, which contains much less

energy, is employed, the heat development is correspondingly less, and
the process can be easily kept under control.

The two substances are mixed in the proportions corresponding
to the formulae P2S3 and P2S5 ,

the mixture placed in a glass flask,

and the latter heated at one spot. Combination then proceeds

rapidly, but without explosion, through the whole mass. The re-

sulting compound is, at first, liquid, but soon solidifies to a yellow-,

grey crystalline mass. The two compounds P
2S3 and P

2S5 can

scarcely be distinguished by their appearance. The yellow-grey
colour is due to contamination with red phosphorus ;

the pure com-

pounds are yellow, crystalline masses which look like sulphur, but

are paler in colour.

The compounds do not take fire spontaneously in the air
;
on being

gently heated, they burn to sulphur dioxide and phosphorus pentoxide.

They smell of sulphuretted hydrogen, because they are converted by
the water vapour in the air into this gas and phosphoric or phosphorous
acid: P

2S5 + 8H2
= 2H3P04 + 5H2S. They act similarly on com-

pounds containing hydroxyl, and convert these into the corresponding

sulphur compounds.
Besides these compounds, there are still two other sulphides of

phosphorus, the composition of which is represented by the formulae

P4S3 and P3S6 . They can be obtained pure by melting the two
elements together in the proper proportions and distilling under

reduced pressure.
A coarse mixture of various sulphides of phosphorus has recently

been used for the manufacture of matches, as these substances do not

have the poisonous action of white phosphorus (p. 378).

In view of the analogous composition of phosphorus pentasulphide
and the corresponding oxide, it may be asked if acids cannot be

derived from the sulphide, as can be done in the case of the oxide. It

is very probable that there exist a whole series of acids corresponding
to the oxygen acids of phosphorus, and containing sulphur in place of

oxygen. They are, however, very slightly stable, since they are con-

verted by water into the corresponding oxygen compounds, with

evolution of sulphuretted hydrogen. We shall, therefore, not enter

into a discussion of these compounds, especially as similar compounds,

only more stable and better characterised, are met with in the case of

arsenic, and will be then discussed.

Great stability, however, is possessed by phosphorus sulphochloride,

the sulphur compound corresponding to phosphorus oxychloride. This

has the composition PSC13 ,
and can be obtained by heating phosphorus

trichloride with sulphur. It is also formed by the action of phos-

phorus pentachloride on sulphuretted hydrogen. It is a colourless

liquid which boils at 125, and is decomposed by water with much
less violence than the oxychloride. In the decomposition there are
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formed phosphoric and hydrochloric acids and sulphuretted hydrogen :

PSC13 + 4H2
=H3P04 + 3HC1 +H2S.

401. Valency. The fact that in sulphuric acid two combining
weights of hydrogen are present to one combining weight of sulphur,
can be expressed, as has been done, by designating the anion S04

"
as

bivalent. Likewise, the anion of a tribasic acid will be called tervalent,
and so on.

On the other hand, besides the univalent cation hydrion and the

other univalent cations, which each replace one combining weight
of hydrogen, there are others, of which one combining weight can take

the place of two or three, or even more, combining weights of hydrogen.

Accordingly, there are uni- and multivalent cations.

The question may be asked, Why are the combining weights of

all the elements not determined in such a way that only univalent

ions require to be assumed ? The answer is that there would then
arise a contradiction of the results obtained by the determinations of

the molar weights. Thus, calcium has been designated as a bivalent

cation, because the amount of calcion in the compound CaCl2 exercises

the same influence on the freezing point as the amount of kalion

contained in the compound KC1.

A second reason against carrying out the formulation with only
univalent ions is found in the circumstance that there are a number
of ions (some of them elementary ions) which, while preserving the

same composition, have, according to circumstances, different valency,
while their molar weight remains the same. This is the case, e.g., with

iron, which can form bi- and tervalent ions, both of which have the

same molar weight 55-9.

Starting, then, with any acid HnA, if n combining weights of

hydrogen can be replaced by metals, the anion A will be called

w-valent. Likewise, a cation of which, in the displacement of

hydrogen from an acid one combining weight replaces m combining
weights of hydrogen, will be called m-valent. This calculation

depends on measuring the valency by the unit of hydrogen. As

experience has shown, no smaller unit is necessary, for there is no
acid of which one molar weight would contain less than one com-

bining weight of hydrogen, and no cation of which one combining
weight would take the place of less hydrogen.

From this it follows at the same time that the valency of the

anions and the cations is determined in such a way that in every salt

both must have the same value. It is not necessary that an w-valent

cation shall always be united only with an %-valent anion
;

it is

sufficient if the sum of the valencies of the cations is equal to that

of the anions. To bring this about, the number of ions which unite

together must vary with their valency. Thus, a bivalent cation

requires two univalent anions, and if a tervalent anion has to

combine with a bivalent cation, two combining weights of the former

2D
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must enter the salt with three combining weights of the second, in

order that the sums of the two valencies shall be equal, viz. 6.

402. Extension of the Conception of Valency. Whereas, in

the case of salts, the conception of valency admits of no doubt, since

it is possible by means of Faraday's law (p. 222) to control it experi-

mentally, even independently of chemical considerations, no such sure

foundation exists for the attempt which has been made to extend this

conception to non-saline substances. Nevertheless, so many regularities

have been found to exist even in these departments of its application,
that a short consideration of them will be useful. We shall at once

remark that it is in organic chemistry that these views have been of

greatest value. This may serve as an explanation why these con-

siderations, which play a comparatively small role in inorganic

chemistry, are discussed here.

On comparing the composition of the hydrogen compounds of the

elements hitherto described, we obtain the following summary :

Halogens .... HH, HF, HCJ, HBr, HI.

Oxygen group . . . H20, H2S, H2Se, H2Te.

Nitrogen group . . . H3N, H3P.

If hydrogen be again taken as the standard by which the com-

bining power of the different elements is reckoned, the halogens can

be designated as univalent, the elements of the oxygen group as bivalent,

and those of the nitrogen group as tervalent. We shall presently see

that carbon and the related elements can be regarded as quadrivalent.
If we again put forward the requirement that every compound

shall be separable into two parts, in which the sums of the valencies

present on each side are equal, this requirement can be tested in the

formulae of the compounds by attaching one stroke to the symbols of

the univalent, two strokes to those of the bivalent, and three strokes

to those of the tervalent elements. The above demand will be ful-

filled if the formula of the compound can be so written that all the

elementary symbols are united by strokes, and the number of strokes

ending in each symbol agrees with the valency of the element which it

denotes.

Thus, the elements of the halogen series will have to be written

with one stroke : H
;
Cl ;

Br
;

I
;
F -

;
those of the oxygen

series with two strokes : ; S
;

Se
;

Te
;

those

of the nitrogen series with three strokes : N =
;

P = .

If we test the compounds hitherto described from this point of

view, we find that the condition, although often, is still not always, ful-

filled. In the case of the following formulae, certainly, it can be done :

H H; Cl Cl; Br Br
;

I I
;
F F

; H Cl
;
H Br

;
H I

;

H F; I Cl; = 0; S = S; Se = Se; Te = Te; H H
;

H S H; H Se H; H Te H
;

Cl Cl
;

Cl H
;

Cl H
;

Cl H
; Cl H

;
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Cl S S Cl; Cl S 01; Cl Se Cl
;

Cl Te Cl
;
00

/S\
000; H S H, or H S H

;

H S H, or H S H, or

H S H
;

and similarly, the remaining oxyacids
of sulphur, selenium, and tellurium.

P = P As = As H H H
N^N; ||; |; | |

;
|

P = P As = As H N H H P H H As H

On the other hand, it is not possible in the case of the com-

pounds
SC14 ,

SeCl4 ,
NH4C1, PC1

5 ,
PF

5 , NO, N02 ,

and many others.

Various attempts have been made to overcome these contradic-

tions, chiefly by assuming that the elements can have different valency.

Thus, the above sulphur and selenium compounds can, evidently, be

referred to a quadrivalent sulphur, and the nitrogen and phosphorus

compounds, at least partially, to a quinquevalent form of the corre-

sponding elements. Nitric oxide and nitrogen peroxide, however,
would require a bi- or quadrivalent nitrogen.

These considerations are based on the fact that the different

compounds of a given element can be arranged in groups which are

more closely related to one another, i.e. which can be easily converted

into one another and give, under similar conditions, similar reactions.

The number of these groups or types is different in the case of the

different elements
;
whereas some, e.g. carbon, have only a few groups

with a very large number of members, in the case of others the number
of the groups is large but that of the representatives in each group
small. By fixing these groups or types in one's memory, a clearer

view of the existing diversities can, in any case, be obtained than

by merely writing these down in a list.

For the present, the following groups may be noticed :

Hydrogen is univalent. oxygen is bivalent.

The halogens are univalent in the hydrogen acids and in the

salts derived from these. Further, there are characterised the ter-,

quinque-, and septavalent types of the oxyacids, of which the middle one

is the most important, and which are expressed in the following
formulae :

Cl 01=0 =0

N)H ^OH OH
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The elements of the sulphur group are bivalent in the hydrogen
acids and the corresponding salts. Further, a quadri- and a sexavalent

type can be recognised, the representatives of which are sulphurous
and sulphuric acids, or their anhydrides

s s=o

Nitrogen and phosphorus (along with the related elements to be

treated later) are chiefly ter- and quinquevalerit. Types : ammonia and

nitric acid

N H N=0

For certain purposes, which will come into prominence later, it is

expedient to consider the above oxygen compounds all as partial

anhydrides of hydroxyl compounds. Since oxygen is bivalent, but

hydroxyl univalent, the adopted valency becomes more prominent

by this way of writing the formulae.

Thus, in the case of the halogens, e.g. in the case of chlorine, we
have

Hypochlorous acid Cl(OH)
Chlorous acid C10(OH)=C1(OH)3 -H2

Chloric acid C10 2(OH)=C1(OH)5
- 2H2

Perchloric acid C103(OH)=C1(OH)7
- 3H2O.

In the case of sulphur and its group, we have

Sulphurous acid SO(OH)2=S(OH)4 -H2

Sulphuric acid S0 2(OH)2=S(OH)6 -2H20.

In the nitrogen series, finally, there are

Nitrous acid NO(OH)=N(OH)3
- H2

Nitric acid N0 2(OH)=N(OH)5
-. 2H20.

By means of this view the fact, e.g. that the tribasic phosphoric
acid and the monobasic nitric acid belong to the same type, becomes

clearer than from the mere consideration of their formulae

H3P04
= P(OH)5 -H2

HN03
= N(OH)5 -2H20.

Even if these types do not by any means exhaust all the cases,

still they allow of a review of the most important compounds, and
have their value on that account.



CHAPTER XIX

CARBON

403. General. Carbon is one of the most important elements in

respect both of the variety and wide distribution of its compounds and
of the importance which these have in nature as well as in the arts.

Although oxygen, hydrogen, and nitrogen are never-failing constituents

of living or organised structures, still carbon is frequently called the

organic element par excellence., because it is on the combining relations

exhibited by this element that the diversity of the substances of the

organic kingdom most essentially depends.
But the pre-eminent importance of carbon is due not only to its

being a constituent of the substances of which the structures of living

things are built up, but much more to its being the expression of the

supply of energy which is expended in vital action. For a similar

reason, carbon is of importance in the arts, for by far the greatest part
of the chemical energy which is set in motion for the accomplishment
of the most diverse ends is derived from the chemical transformations

of carbon.

Elementary carbon occurs in three different forms, which exhibit

relationships to one another similar to those found in the case of

sulphur or phosphorus. It exists in two crystalline forms and also in

an amorphous state. The different varieties of amorphous carbon

are usually, but probably incorrectly, classed together as one kind.

Indeed, there are important reasons for thinking that there are several

kinds of amorphous carbon, each possessing different properties, but

none of which are known in the pure state.

That which is called charcoal is amorphous carbon, in a more or

less pure state. On heating organic substances, e.g. substances derived

from organisms, especially plants, and containing carbon, a residue of

this element is generally obtained, whereas the other elements present,

especially oxygen and hydrogen, escape in the form of water and as

lower carbon compounds of these elements. Moreover, the residue

contains any non-volatile substances which may be present, as well as

residual quantities of hydrogen and oxygen, which are larger in

amount the lower the temperature of carbonisation,

405
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In the charcoal produced, the structure of the material can in some

cases, e.g. when obtained from wood, be recognised ;
wood charcoal

exhibits every cell of the wood well preserved. This is due to the

fact that at the temperatures which are reached under these conditions,

carbon is an infusible substance. If the original material has also this

same property of infusibility, as is the case with the substance, forming
the cell-walls of wood, the form is well retained on carbonisation.

In other cases, where the original material liquefies either before or

during carbonisation, e.g. in the case of sugar, the charcoal which is

obtained has the appearance of a mass which has been fused
; this,

however, is due only to the fact that sugar, not carbon, is fusible.

Sugar charcoal is much purer than wood charcoal, because in it

the presence can easily be avoided of non-volatile impurities which are

present in the case of wood charcoal, and which, on complete com-

bustion, remain behind as a grey powder, the ash.

Soot is a still purer form of carbon. This is obtained by the

combustion, in a small supply of air, of volatile compounds of carbon

and hydrogen, of which there are a large number. The hydrogen
then combines with the oxygen present, and the carbon is deposited
and can be collected in the form of a very fine and light powder.
Small quantities of hydrogen compounds which it still contains can

usually be got rid of by igniting it with exclusion of air.

The properties of this form of carbon are the well-known black

colour, a small density, easy combustibility, small conductivity for

heat and electricity, and a low degree of hardness.

All these properties, however, cannot be stated in definite numbers,
but are found to vary to some extent, and that, indeed, in the follow-

ing way. The higher the temperature to which the amorphous carbon

was exposed, and the longer that temperature was allowed to act on

the carbon, the greater are the density, hardness, conductivity for

heat and especially for electricity, and the less is its combustibility.
At the same time, the deep black colour passes into a grey one with a

somewhat metallic lustre.

It has not yet been settled whether the cause of these changes is

that at the high temperature the small particles of which the charcoal

consists unite together, or
"

sinter," to larger particles, or that there

are different forms of amorphous carbon which occur mixed together in

charcoal, the harder, more dense, and better-conducting of which forms

are increasingly produced at higher temperatures. The melting point
of charcoal is certainly as high as 3000 or 3500, the temperature of

the electric arc, but it is quite possible that the general property of

amorphous substances, of having no definite melting point, is present
also in this case, and that, therefore, even at much lower temperatures,
an incipient softening may occur which would lead to the formation of

larger grains by the caking together of the smaller. In this way,
the above-mentioned changes can be partially explained. It appears
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however, especially in view of the increase of the hardness and con-

ductivity, to be more appropriate to assume the existence of several

forms of amorphous carbon, which differ from one another in the

way described, and which in varying proportions make up ordinary
charcoal.

Carbon retains the solid state with especial obstinacy. Only at

the temperature of the electric arc, about 3500, does softening and
volatilisation occur. Further, there is scarcely a solvent which dis-

solves carbon to any great extent. The only better-known one is

liquid iron, in which carbon dissolves to the extent of a few per cent

at comparatively high temperatures, and from which it separates out

when the metal solidifies. Under these conditions, however, carbon

does not appear in amorphous form, but in the crystalline form of

graphite, which will be described later.

When heated in the air carbon unites with oxygen, and is con-

verted into carbon dioxide.

The fossil charcoal occurring in nature, such as anthracite, coal,

and brown coal, consists, it is true, chiefly of carbon, but it also

contains hydrogen and oxygen along with small quantities of nitrogen,

sulphur, and very varying amounts of ash, i.e. mineral admixtures of

all kinds. The different sorts have all been formed in a similar way
to wood charcoal, viz. from the remains of previous vegetation by the

gradual loss of the other elements and the formation of a residue of

carbon. This process has, however, taken place at a low temperature
and required very long periods of time. This process of carbonisation

has progressed furthest in the case of anthracite, which contains only

quite small quantities of hydrogen, not so far in the case of ordinary
coal, and least of all in the case of brown coal. The latter substances

cannot be regarded as carbon in the strict sense
;

on the contrary,

they consist of derivatives, of complex composition and certainly very
rich in carbon, of the substances of which the original plant-structures
were built up, or of mixtures of such substances with amorphous carbon.

On heating ordinary coal with exclusion of air, the hydrogen is

removed in the form of carbon compounds. This process is carried

out on a large scale for two purposes. On the one hand, coal rich

in hydrogen is subjected to heating or
"
dry distillation," and the

gases containing carbon which are produced are collected in order to

be used, after purification, for illuminating or heating purposes. This

manufacture of coal gas plays a very important part, since gaseous fuel

possesses important advantages over the solid or liquid. We shall

enter into this more fully later.

On the other hand, coal which is poor in hydrogen is also subjected
to dry distillation in order to obtain in the residues carbon which is

almost free from hydrogen, and which in many cases, especially for

metallurgical purposes, is to be preferred to coal containing hydrogen.
These coal residues are called coke, and are made on a very large scale.
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A point which is of essential importance here is that the greater portion
of the sulphur present is removed in the carbonisation, so that in this

respect also a purification is effected.

404. Adsorption by Charcoal. The porous and cellular

character which amorphous charcoal frequently assumes, when pro-

duced from organic structures of a corresponding form, develops a

property which is possessed, indeed, by all substances, but which, in

this case, appears with especial distinctness. This is the power pos-
sessed by porous charcoal of adsorbing dissolved and gaseous substances

from mixtures, and so freeing these gas mixtures or solutions from

certain components.
If, for example, wine, litmus solution, or similar coloured solutions

are shaken with finely porous charcoal (the most suitable being bone

charcoal, obtained by carbonising bones), and then filtered, the liquid

passes through the filter either quite colourless or, at least, considerably

lighter in colour. Likewise, from turbid, impure, or evil-smelling
water there is obtained, by nitration through charcoal, clear water

which has lost its smell entirely or to a large extent. For such purposes
of purification, charcoal is largely used both in the arts and in the

laboratory.
The processes with which we are dealing here are called adsorption,

and depend on the fact that at the surface of contact between a solid

body and a solution, a different concentration of the dissolved sub-

stance is produced from that in the interior of the solution. In many
cases, the concentration of the dissolved substance at such bounding
surfaces is greater than in the rest of the solution, but the opposite
can also occur.

The cause which produces this action is of the same kind as that

which effects wetting. The bounding surfaces between different bodies

are, generally, the seat of a peculiar kind of energy which is called

surface energy. The phenomena of surface tension or the phenomena
of capillarity represent only a small portion of the actions of surface

energy ; indeed, this comes into operation in all cases where different

bodies come together, or where surfaces of separation are present.

If, now, certain substances have the property of becoming specially
concentrated at a bounding surface, they will be removed from a solu-

tion in which they are present when such bounding surfaces are formed
in the solution. This is the case with charcoal and the above-

mentioned colouring matters. A definite equilibrium is established

between the portion in the solution and that adsorbed on the charcoal,
the greater part going to the charcoal.

This action depends, in the first place, on the nature of the

dissolved substance, but to some '

extent also on the nature of the

solid body. Substances of complex composition generally possess to

a comparatively much greater extent the property of becoming con-

centrated at the bounding surfaces, whereas more simple substances
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remain chiefly in the solution. Since, now, most of the colouring
matters which appear as unwelcome by-products in the preparation
of organic substances have a very complex nature, they can frequently
be removed from the solution by this means. The method is employed
with very good results, for example, in the sugar refineries, in order

so far to decolorise the dark-brown beet juice that white sugar can be

obtained from it.

The same holds also for the malodorous products of decomposition
of organic bodies, animal excremental matter, etc., which, on account

of their complex nature, are also, as a rule, abundantly adsorbed by
charcoal.

Finally, what has just been said holds also for gas mixtures.

Gases also condense to a more or less considerable extent on the

surfaces of solid bodies, and again, the more complex and denser gases
do so generally much more than the simple and light ones. The
former can, therefore, also be removed more or less completely from

mixtures with the other, gases.

Since the action takes place at the bounding surface between the

solid body and the liquid or the gas, it is proportional to the surface.

The amount which 1 sq. cm. of surface can retain in this way is very
small

;
in one special case (that of ammonia on glass) it has been found

equal to ^s-oo^ooo^h gm - Per sc
i-
cm - Even if in the case of other

substances the number can become ten or a hundred times as great,

still the amounts with which we are here dealing are always exceedingly
small. To obtain measurable amounts, therefore, very large surfaces

must be employed ;
for the adsorption of one gram of ammonia a

square surface of 50 metre side is necessary. Such large surfaces are

found only in the case of very fine powders, or of very finely cellular

structures.

This quality is possessed by bone charcoal because bones contain,

besides the organic matter of a gluey nature, large amounts of calcium

phosphate. On carbonisation the cellular structure is very completely

preserved by means of this embedded matter, and if the calcium phos-

phate is removed by solution in hydrochloric acid, a fairly pure charcoal

is obtained which for a given amount of substance possesses an exceed-

ingly large surface, and therefore exhibits the phenomena of adsorption
with especial distinctness.

If organic substances, e.g. sugar, which do not themselves yield
on carbonisation a charcoal with largely developed surface be mixed
with calcium phosphate or similar infusible and readily removable salts,

a strongly adsorbing charcoal is obtained by the carbonisation of such

mixtures, after removal of the admixed substance. In this case the

large development of surface has been artificially caused, and with it,

also, the corresponding action obtained.

Another action which is connected with the one just described is

the catalytic acceleration, especially of gas reactions, which is exerted
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by substances with largely developed surface. Thus, the oxidation of

many substances by free oxygen is greatly accelerated when charcoal

is present. Likewise, gases which under given conditions act only

slowly on one another, can be made to act more quickly with the

help of charcoal. In these cases, however, the actions of charcoal are

greatly surpassed by the analogous actions of spongy platinum.
405. Graphite. Graphite is a crystalline form of carbon. It

occurs in nature as black-grey masses with a feebly metallic lustre, and

crystallises in forms belonging to the hexagonal system ;
it is found in

various localities, especially in Bohemia, Cumberland, and Siberia. Its

density is 2-25. It is distinguished from amorphous carbon by its

greater density, its good conductivity for electricity, and the great

difficulty with which it burns. It is possible to effect its combustion

only by heating it to a bright red heat in a current of oxygen. From
the denser and better conducting forms of amorphous carbon, it is

distinguished by its very low degree of hardness. This circumstance

makes it probable that amorphous carbon, which has been strongly
heated and has thereby become a conductor, does not owe this

property to the formation of a certain amount of graphite, for such

carbon becomes at the same time very hard and does not give a black

streak as graphite does.

Graphite can also be obtained artificially by allowing carbon to

crystallise out from /used metals. It has already been mentioned that

this is best known in the case of iron, but there are other metals which

dissolve small quantities of charcoal when heated, and from which the

latter separates at lower temperatures in a crystalline form as graphite.
In the arts, graphite is prepared by heating charcoal mixed with a

little lime to a high temperature and for a long time in the electric

furnace. The lime accelerates catalytically the transformation into

graphite, probably by giving rise to an intermediate compound
(calcium carbide, p. 434).

Graphite, also, must be divided into different groups which exhibit

a somewhat different behaviour. It has, however, not yet been settled

whether these differences may not perhaps be due only to mechanical

differences, the one form consisting of innumerable laminae laid closely

together, while the other forms more coherent masses. We shall here,

therefore, refrain from entering on a discussion of these differences.

Graphite agrees with amorphous carbon in its resistance to fusion,

and volatilisation at comparatively high temperatures. It is used,

therefore, for making crucibles which have to withstand especially

high temperatures, and for this purpose it is mixed with some clay to

act as binding material and then moulded. The slight combustibility
of graphite allows of such crucibles being heated without special pre-
cautions even in the air.

Some further applications of graphite are due to its property of

being split into thin scales. Lead pencils are made from graphite, the
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mass being finely powdered, and, by mixture with clay or other binding
material, formed into the well-known thin rods, to which firmness is

imparted by slight firing. According to the amount of substance added,
the pencil has varying hardness.

Further, graphite is used as a lubricant, and this also depends on

its easy disintegration into smooth scales. These fill up any uneven-

ness in the rubbing surfaces and quickly form a smooth coating, which

effects an easy gliding. Where it can be applied, graphite has the

advantage over grease of being insensitive to differences of temperature.
406. Diamond. A second crystalline form of carbon is the

diamond. In contradistinction to the two other forms, diamond is

transparent and colourless, but possesses the power of strong refrac-

tion and dispersion, so that, when cut into regular forms, it exhibits a

considerable lustre and play of colours, to which its use as a gem is

due. That it consists of pure carbon is seen from the fact that it yields
on combustion carbon dioxide, and this also in exactly the same pro-

portions as any other form of pure carbon.

Diamond crystallises in the regular system chiefly in octahedra,
which often exhibit somewhat rounded edges. Its density is 3-5.

The property which is most important for its applications is its great
hardness. In this respect it is superior to all other naturally occurring

substances, and also to most of those that can be artificially prepared.
It is used for cutting glass, for drills for working in hard rock, for

chisels used for turning very hard steel and emery discs, etc. A quickly

rotating disc of tin-plate, or of copper into which diamond splinters

have been pressed, cuts glass and other hard substances with ease.

According as it is desired to use the diamond for writing on or

for cutting glass differently formed pieces must be used. For writing
almost any point may be used which when properly held will scrape
out splinters from the surface of the glass, and according to the sharp-
ness of the point and the pressure employed, the finest lines can be

drawn. For cutting glass, the diamond must have a chisel-shaped

edge, which will cleave the glass ;
such a diamond cuts, therefore, only

in one definite position, and must be held accordingly.
Diamonds occur rather rarely in nature, so that their price is high.

Their artificial preparation has recently been successful, but has as yet

yielded only microscopically small crystals. Diamonds are obtained

by fusing iron which contains carbon and allowing this to fall in small

quantities into water so that it is suddenly cooled. If the iron is

then dissolved a small quantity of a crystalline dust is left whose

density, hardness, resistance to the action of chemical agents, and

combustion on heating show it to be composed of diamond. In

Fig. 105 such artificial diamonds are shown as seen under the

microscope.

Although the pure diamond is colourless, diamonds of all possible

colours, especially yellow, and from brown to black, occur in nature.
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The latter, which have no value as gems, are used for technical purposes.
The colours are due to impurities, especially organic substances.

As regards the mutual stability-relations of these different forms of

carbon, we possess as yet no exact knowledge, for the transitions take

place here with such excessive slowness that it is hardly possible to

follow them experimentally. The following has been established with

some degree of certainty.

Amorphous carbon must be regarded as the least stable
;

it contains

the greatest amount of energy. Graphite must, very probably, be

regarded as the most stable at comparatively high temperatures. The
reason of this is, especially, that at very high temperatures diamond

passes into graphite. Accordingly, diamond would, with respect to

stability, stand in the middle.

However, as is known, the relative stability of different forms of the

same substance depends very
much on the temperature, and
it is therefore not admissible

to draw conclusions directly
as to the relations at ordin-

ary temperatures from those

existing at 3000.

407. Compounds with

Oxygen. Carbon forms two

oxides, one combining weight

FlG 105
of carbon being able to unite

with one or with two com-

bining weights of oxygen. The second of these compounds is by far

the more important.
Carbon dioxide, C02,

is a gas with the molar weight 44
;

it is colour-

less, has a feeble but distinct taste and smell, and dissolves fairly readily
in water. At room temperature, water absorbs about an equal volume
of the gas. With changes of pressure and temperature, carbon dioxide

shows appreciable deviations from the simple gas laws
; by increase of

pressure it can be readily liquefied. In the following table the vapour
pressures of carbon dioxide are given ;

these are equal to the pressures
which must just be exceeded in order that the gas may pass into a

liquid.

Temperature.
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order to liquefy the gas. The critical temperature is 31
;

this is the

limit up to which the conversion of the gas to a liquid can be effected

by pressure.
408. The Critical Phenomena. Since it was in the case of

carbon dioxide that the critical phenomena were first discovered in

their mutual connection, it will be appropriate to discuss them more

fully at this point. This will best be done with the help of a diagram

representing the relation

of pressure and volume. T
In Fig. 106 thevolumes

are measured to the right

and the pressuresupwards.
For every temperature
there will then be a line

which will represent the

corresponding values of

pressure and volume. If,

therefore, any definite

temperature is taken,

there will correspond to

each pressure a definite

volume, and vice versa
;
all

the corresponding values

of these will be repre-
sented by a connecting

line, which is called an

isotherm, because it is a

line of constant tempera-
ture.

For liquids, the iso-

therms have the follow-

ing form. If the press-
ure imposed on a liquid
be changed, the volume

changes in the opposite sense, but only to a very small amount, because

the compressibility of liquids is very small. If, therefore, in the above-

mentioned diagram, we measure thevolumes to the right andthe pressures
upwards, we obtain an almost perpendicular line, since almost identical

volumes correspond to very different pressures, and the former, there-

fore, lie almost exactly under one another. On account of the slight

increase of volume with diminishing pressure, the isotherm for liquids

inclines slightly to the right, if we follow it from above downwards,
that is, in the direction of smaller pressures. In Fig. 106, the line

marked 13-1 shows on the left such a liquid-isotherm.
At a definite minimal pressure vapour begins to be evolved from

the liquid. If we now attempt to lower the pressure further by in-

FIG. 106.
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creasing the volume, we do not succeed, but more vapour is given off

and the pressure remains unchanged, the temperature being supposed
constant. A line representing constant pressure with changing volume
is a horizontal line in our diagram. For the states consisting of liquid
and vapour, the isotherm is, therefore, a horizontal line, e.g. the middle

portion of the line 13-1 in Fig. 106. On continually increasing the

volume, all the liquid finally evaporates, and only vapour is now present.
So soon as this occurs, the pressure again diminishes as the volume

increases, but to a much less extent than in the liquid state. The

vapour formed follows approximately the law of Boyle, pv = const.,

and the isotherm is represented by a portion of a line such as in Fig. 34,

p. 121, or a hyperbola. This is the right end of the line 13-1 in Fig. 106.

If now we apply the same considerations to another isotherm at a

higher temperature, we may, to begin with, repeat what has been -said

word for word. The difference which exists consists in the fact that

the volumes of the liquid, on account of the higher temperature, are

rather greater than previously, under the same pressures ;
the liquid-

isotherm, therefore, lies to the right of the previous one. Further, the

vapour, on account of the higher temperature, appears at a greater

pressure ;
the horizontal portion of the isotherm, therefore, starts higher

up than previously. Finally, the liquid entirely evaporates at a smaller

volume. For, even if on account of the higher temperature the vapour
should have, at a given pressure, a smaller density, still the increase

of the vapour pressure by which the volume is diminished amounts to

much more, and the total result is a considerable diminution of the

volume of the vapour. The form for such an isotherm at a higher

temperature is represented in Fig. 106 by the curve marked with 21 '1,
in which the above-mentioned differences from the lower isotherm for

13-1 can be seen.

The higher, now, the temperature is taken, the nearer do the two
ends of the horizontal straight lines come together, i.e. the less do the

volumes or the densities of the liquid and of the vapour differ from
one another. On the isotherm 31-1 the two finally come together in

the point K.

The meaning of this is that in the point K, the densities of liquid
and vapour have become equal, and since, apart from this, the composi-
tion and chemical nature are the same, the two states become com-

pletely identical. At this point, the critical point, therefore, the distinc-

tion between liquid and vapour disappears.
At still higher temperatures the isotherms, of which there are still

some in the diagram, have no horizontal middle portion but are con-

tinuous. Here, accordingly, the phenomena of liquefaction and evaporation
are no longer possible, and all changes of state take place continuously. At
first the proximity of the critical point makes itself still evident in the

flexures of the isotherms, as is clearly shown in the isotherms 32-5

and 35-5 ;
at 48-1, however, these have also disappeared, and the
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isotherms no longer differ essentially from those of a gas. The corre-

sponding isotherms for air are inserted to the right at the top of the

diagram ;
these show that carbon dioxide, under the high pressures

employed, deviates from the gas laws in such a way that the volumes

are considerably smaller than in the case of a perfect gas.

The region enclosed by the curved, dotted line, in which the hori-

zontals representing the states liquid plus vapour lie, can be called

the region of heterogeneous states, since in it two phases are present.

Everywhere else, there is only one phase present : at the left edge,

liquid ;
at the right, vapour. The diagram shows that above the critical

point these two latter regions are continuously connected with each other.

In other words, it must be possible to convert a liquid into a vapour
or a vapour into a liquid without the one ever being observed to separate
from the other, or without liquid ever visibly passing into vapour, or

vice versa,

To do this, carbon dioxide is, we shall suppose, first compressed
at a low temperature, so that it is completely converted into a liquid.

One thus commences with a point which lies to the left of the region
of heterogeneous states. If now the pressure is always maintained

high enough so as to remain in this region, and the temperature be

raised above 31-1, we always remain to the left of the central field

but reach a point higher than the point K. If the pressure is now

diminished, while the temperature is maintained above the critical

value, we pass to the right along one of the isotherms. On this

isotherm the pressure can be diminished to any desired extent, and the

temperature also can be allowed to fall
;

so long as one avoids coming
into the heterogeneous region, the carbon dioxide is undoubtedly in the

gaseous state, a fact of which one can convince one's self by reducing the

pressure to that of the atmosphere and opening the vessel.

Similarly, just as along a path above the point K a liquid can be

converted continuously into a vapour or a gas without vapour ever

making its appearance along with it, so it is possible to convert a gas

continuously into a liquid without a separation of liquid ever becoming
visible. For that purpose, it is only necessary to raise the temperature
above the critical value, and the gas can then be compressed without

its liquefying. Above the pressure corresponding to the point K, or

the critical pressure, the temperature can be lowered below 31-1. If

the pressure be now diminished, it is found that the substance exists

in the liquid state.

The critical point K is characterised by three magnitudes : the

critical temperature, or the temperature of the isotherm in which liquid

and vapour become identical
;

the critical pressure corresponding to

this
;
and the critical volume or the critical density. The two latter

are the values of the pressure and volume, or density, at the point K.

They are obtained from the diagram by reading off the correspond-

ing distances on the axes of pressure and volume. Thus, the critical
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pressure of carbon dioxide is found to be about 75 atm. The critical

volume has to be referred to some definite quantity of substance
;

for

one mole, or 44 gm. of carbon dioxide, it amounts to 112 c.c.

Three such critical constants belong to every pure substance.

Whereas the critical temperatures are to be found ranging from the

lowest to the highest temperatures, the critical pressures move within

fairly narrow limits, between 20 and 200 atmospheres, which they
exceed only in quite exceptional cases. The critical volumes of one

mole are also not very different
;

like the other critical constants, they
increase with the molar weight of the respective substances, and vary
from 10 to some hundred cubic centimetres.

409. Liquid Carbon Dioxide. On account of the moderate

pressure by which carbon dioxide can be liquefied, even at the ordinary

temperature, this substance is now placed on the market in large

quantities in trie liquid form. For this purpose, the gas is pumped
into iron cylinders (Fig. 53, p. 147), which are kept cool, and is thereby
converted into the liquid state. The starting material, carbon dioxide

gas, occurs abundantly in various localities. Especially in districts

where volcanic activity, previous or existing, can be recognised, copious
streams of carbon dioxide are frequently found escaping from fissures

in the earth, and this gas is suitable for being directly liquefied. In

Germany such sources of carbon dioxide exist, especially in the Eifel

district.

If liquid carbon dioxide be allowed to stream out into the air, part
of it immediately evaporates. So much heat is thereby withdrawn
from the remainder that its temperature sinks below the point of

solidification of carbon dioxide, and the latter solidifies in the form of

a white snow. By allowing the liquid to stream into a bag of closely
woven cloth the

"
carbonic acid snow "

can be filtered off, the solid

remaining in the bag while the gaseous portion escapes through the

fabric.

The solid dioxide is used chiefly for producing low temperatures.
For this purpose it is mixed with ether, which still remains liquid at the

temperature produced, and a paste is thus obtained whose temperature
is - 80. In a space pumped as vacuous as possible, the temperature of

this freezing mixture sinks, in consequence of the accelerated evapora-
tion, to - 100.

410. Solution in Water. In water carbon dioxide dissolves in

accordance with the law of Henry (p. 299). The aqueous solution has

an acid taste and causes a prickling sensation. The refreshing taste

of spring water is produced essentially by the presence of carbon

dioxide, which is present in abundance in most natural waters. It

passes into these from the soil, where it is being constantly developed
in the slow combustion of the organic substances by the oxygen of the

air. Since the saturation with this gas has taken place at a low tem-

perature such waters are generally supersaturated, and when they
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become warmer by standing in the air the gas slowly forms bubbles

on the walls of the vessels. This formation of bubbles in water con-

taining carbon dioxide is regarded as a sign of a palatable drinking
water. It of course gives no security against the presence of other

substances of a harmful nature.

Water in which carbon dioxide is dissolved in somewhat larger
amounts frequently occurs in nature, and is used, as aerated or mineral

waters, for medicinal purposes or as a beverage. Large quantities of

water artificially saturated with carbon dioxide under the pressure
of from two to three atmospheres are prepared, and are used, with

addition of various salts, for the same purposes.

Liquids containing carbon dioxide are also produced in the fermenta-

tion of solutions containing sugar. In this process the sugar decom-

poses into alcohol and carbon dioxide, and in certain liquids of this kind,

e.g. beer and sparkling wine, the fermentation is conducted in such a

way that the carbon dioxide does not escape but remains dissolved,
in larger or smaller amounts, in the liquid.

For the preparation of aerated liquids the gas was formerly chiefly

prepared from naturally occurring compounds, the carbonates, by
means of acids. At the present time liquid carbon dioxide is chiefly

employed, being manufactured in large quantities and placed on the

market at a very low price.

411. Carbonic Acid. The solution of carbon dioxide reacts feebly
acid to litmus, the colouring substance being rendered not bright red

but only wine red. This, however, is essentially due to the small con-

centration obtained in aqueous solutions of the gas under ordinary

pressure. If the amount dissolved is increased by using higher pres-

sures, a solution is obtained which also gives the ordinary bright red

colour with litmus.

In the aqueous solution, therefore, there is an acid present, and
carbon dioxide is to be looked upon as the anhydride of this acid.

The relations are the same as in the case of sulphurous acid
;

the

formula of carbonic acid is H2C03 ,
and it decomposes with extreme

readiness into water and the anhydride C02 ,
carbon dioxide or carbonic

acid anhydride.
Carbonic acid is a dibasic acid with very slightly developed acid

properties. Like the dibasic acids in general, it forms two carbanions,
the wm'valent HC03

'

and the 6walent C03". Since even the process
H

2C03
= H' + HC03

'

takes place only to a very slight extent, the second

stage of dissociation, HC03
' = H' + C03", is, for most purposes, in-

appreciably small. In aqueous solution, therefore, the univalent ion

HC03
'

is formed by preference, and to this some of the characteristic

properties of the carbonates are due.

The salts of carbonic acid, or the carbonates, are mostly very sparingly
soluble in water

; only those of the alkali metals form an exception
and are easily soluble. The latter react fairly strongly alkaline, since

2E
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from the tendency of the ion C03
"
to interact with water and pass into

HC03
'

(C03
"
+ H2

= HC03
' + OH') a certain amount of hydroxidion

is produced, whereby the alkaline reaction is effected. On addition

of acids all carbonates evolve carbon dioxide. Carbonic acid is first

formed, but this can exist in aqueous solution only to a small extent

and mostly decomposes into the anhydride and water : H2C03
= C02 +

H
20. Since carbonic acid is, as has just been mentioned, a very feeble

acid, this reaction is brought about also by other weak acids, and the

power of expelling carbon dioxide from carbonates can almost be

considered as a characteristic of the acids.

412. The " Circulation
"
of Carbon. In nature carbonic acid

and the carbonates occur in very large quantities. The air always
contains carbon dioxide, the amount of which varies somewhat. In

places where there is no special source of the gas present, the amount
is about 2~oVoth f the volume of the air. This amount is increased

by organic respiration and combustion processes of all kinds ; added to

this, there are also considerable amounts of carbon dioxide derived

from volcanic action.

All organisms make up for the waste necessary for their vital

activity by the consumption of chemical energy, which for the greatest

part is the energy of the oxidation of carbon. Whereas animals and

those plants which do not contain chlorophyll can carry out the oxida-

tion only of already existing carbon compounds, and live from these,

the green plants can also carry out the opposite process ; they can

decompose carbon dioxide into carbon (or Compounds of carbon) and free

oxygen. For this a considerable expenditure of energy is necessary,
and this the green plants derive from the radiant energy of sunlight.

They thereby store up not only the supply of energy which they

require for their own life, but they also yield the supply of energy
which is used by all the other organisms and which these take up in

the form of food. By the oxidation of this carbonaceous food, first of

all the herbivorous and then, indirectly through the medium of these,

the carnivorous animals obtain their vital energy.

By means of the oxidation in respiration the carbon again returns

to the air as carbon dioxide, and a
"
circulation of carbon

"
is produced

by which the mutual preservation of the vegetable and animal kingdoms

appears to be lastingly assured. However, for this end, it is not the

conservation of the carbon that is the real problem here
;
the role of

carbon is only to effect the transport of the energy with which it is

associated, which is the essential thing. In fact, certain organisms
are known, e.g. the sulphur bacteria, which obtain their vital energy
not from the oxidation of carbon compounds but by quite different

chemical reactions. There are, therefore, organisms which do not

require any carbon for this purpose ;
no organism, however, is con-

ceivable which would not require to have free energy at its disposal in

order to exhibit any kind of vital activity.
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So far, now, as our knowledge extends, no such cycle existsfor energy.
Here it is a case of a current flowing in one direction, which pours
out from the sun on to the earth, where it is partly used up and partly
stored up by the plants. The supplies stored up by the plants are

for the greatest part further used up by the other organisms, but a

smaller part is preserved as fossil combustible material and serves in

later times as the most important source of energy in the industrial life

of man. That the free energy which is derived from the sun, and
which in this way is finally used up, will by any process be again made

disposable, we have no sign ;
on the contrary, from the experience

which has been gained with the terrestrial processes, it is to be assumed
as probable that such a reverse process, corresponding to the spon-
taneous flow of a stream uphill, is not possible. It is therefore of

essential interest for the permanent maintenance of life that as large
a portion as possible of the radiant energy of the sun should be brought
into the storable form of chemical energy, and that, therefore, as large
a part as possible of the earth's surface be covered with green plants.
As is well known, great improvements in this respect are still possible.

If one considers that, as already mentioned, the amounts of energy
used in the industries are also derived for the most part from the chemical

energy of carbon, namely, in so far as they are obtained by the com-
bustion of coal or other fossil fuel, we see that this element is, in fact,

along with oxygen, the most important carrier of chemical energy
indeed, of any energy whatever. It would be incorrect to designate
carbon alone as the carrier. The quantities of energy in question
become free only by combustion, i.e. when the carbon combines with

oxygen, and we must not assert that the energy was contained solely
in the one or other element. In other words, we are dealing with the

energy equation, C + o2
=C02 + 406 kj,

and for this, each member is of equal importance. Only, the carbon

appears to be the sole carrier of the energy because the oxygen is gener-

ally accessible in the air and does not, therefore, require to be specially

prepared and bought. If the plants did not separate the oxygen in

the gaseous form but as a solid compound rich in oxygen, the latter

would be just as necessary for the conservation of life and the heating
of steam engines as the solid carbon compounds ; it, also, would be

consumed by animals, and would also be collected by man and placed
on the market.

413. The Combining Weight of Carbon has been determined

by combustion to carbon dioxide. The latter can be completely retained

by a concentrated solution of caustic potash or soda and weighed.
If therefore the carbon is weighed, and also the potash apparatus
before and after the experiment, we can ascertain how much carbon

dioxide has been formed by the combustion, and, by difference, how
much oxygen has combined with the carbon. In this way, pure amor-
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phous charcoal as well as graphite and diamond have been investigated ;

with all three, exactly the same ratio has been obtained, so that the

different quantities of energy present in the different forms of carbon

exert no influence on the combining weight. The uniform result of

the determinations was that exactly 12-00 of carbon unite with two

combining weights (
= 32) of oxygen, so that we have to put C = 12-00.

414. Detection of Carbonic Acid, Although carbon dioxide

on being dissolved in water yields only very feebly acid solutions, it

readily forms salts with dissolved bases
;

it is, therefore, rapidly and

completely absorbed by solutions of these. This behaviour is made
use of for the detection and quantitative determination of carbon

dioxide (e.g. in the air), and those bases more especially are employed
which form insoluble carbonates. Most frequently there is used a

solution of lime or calcium hydroxide, Ca(OH)2 ,
which forms with the

dibasic carbonic acid the salt CaC03,
or calcium carbonate. This is

precipitated from the solution in the form of a white powder, and by
means of it small quantities of carbonic acid can be detected.

The formation of this white precipitate is sufficient for the quali-
tative proof of the presence of carbonic acid. If a quantitative deter-

mination has to be made, a measured volume of the lime solution (lime

water), the strength of which has been determined by titration with

an acid (p. 214), is taken, and after the reaction has occurred the pre-

cipitate is allowed to settle, and the amount of lime remaining is deter-

mined in a measured portion of the clear liquid ;
the difference is a

measure of the carbon dioxide absorbed.

415. Derivatives of Carbonic Acid. Although carbonic acid

itself is not known, there exist not only a large number of salts which

contain carbanion, but also compounds formed by the replacement of

its Tiydroxyls ;
more especially, the chlorides and amides of carbonic acid

are known, some of which are of very great importance.
If carbonic acid be written as a hydroxyl compound, there are

possible, on account of the presence of two hydroxyls, two chlorides and
two amides, exactly as we found in the case of sulphuric acid (pp. 330 and

371). Represented schematically, we have the following compounds :

Carbonic Acid. Chlorides. Amides.

/Cl /NH2

CO CO

OH XOH ^OH
CO

^OH
/ C1 NH2

CO CO
X

C1 %H2

All these substances are known.
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The carbon oxychloride, COC12,
or carbonyl chloride (the residue CO

is called carbonyl), is produced directly from carbon monoxide (p. 423)
and chlorine, by mixing these two gases in equal proportions and

exposing to sunlight. Here, as in many other cases, the action of

chlorine is very markedly accelerated by the influence of light. To
this is also due the name "

phosgene gas
"
for carbonyl chloride. Since,

however, the compound is also formed without the aid of light, we
are not dealing here with the communication of a necessary energy,
as in the case of the reduction of carbon dioxide in the green plants

(p. 418), but merely with a case of acceleration
;

the light acts

catalytically.

In defect of sunlight, charcoal can also be used as catalyser ;
com-

bination likewise takes place, especially on passing the gaseous mixture

over animal charcoal.

The reaction occurs in accordance with the equation CO + C12
=

COC12
. That is to say, one volume of each of the two components

unites to form one volume of the compound.
Carbon oxychloride is a colourless gas with a suffocating odour,

and can be readily liquefied by means of a freezing mixture
;

it boils,

under atmospheric pressure, at +8.
Carbon oxychloride behaves chemically as a true acid chloride. It

is decomposed by water, forming carbonic acid and hydrochloric acid,

and by ammonia with formation of ammonium chloride and the amide
of carbonic acid (vide infra}.

The first chloride of carbonic acid, or chlorocarbonic acid, C1COOH,
is usually called chloroformic acid, since the corresponding hydrogen
compound, the monobasic acid HCOOH, is called, formic acid. It is

not known in the free state, but only as a constituent of more complex
compounds ;

these belong to organic chemistry, and will, therefore,

not be treated in detail here.

416. Amides of Carbonic Acid. As has already been mentioned,
the amide of carbonic acid is formed by the action of ammonia on

carbonyl chloride, in accordance with the general reaction as repre-
sented by the equation COC12.+ 4NH3

= CO(NH2) 2 + 2NH4C1. These

two substances can be separated by treatment with alcohol, in which

the amide, but not the ammonium chloride, is soluble, and the carbonic

acid amide, or carbamide, is obtained as white crystals which are

soluble in water, and have a cooling and somewhat bitter taste. They
have no saline character, and their aqueous solution does not conduct

the electric current.

The same substance is formed in the bodies of the mammals,

especially the carnivora, as the final product of the metabolism of the

nitrogen which is contained in the food and consumed in vital activity,

and leaves the organism dissolved in the watery excretion, the urine.

From the urine of the carnivora, after being concentrated, most of it

crystallises directly ;
from that of the omnivora, especially of man, it



422 PRINCIPLES OF INORGANIC CHEMISTRY CHAP.

cannot be obtained in this simple way, since its crystallisation is

hindered by the presence of other substances. To the concentrated

liquid strong nitric acid is added ;
a sparingly soluble compound is

then formed which crystallises out, and from which the substance can

easily be obtained by converting the nitric acid into a salt by any base.

From its occurrence in urine the compound is usually called urea.

As amide of carbonic acid urea has the property of passing, by
combination with water, into the ammonium salt of carbonic acid :

CO(NH2) 2 + 2H2
= (NH4) 2C03

. At the ordinary temperature this

change is exceedingly slow
;

at 100, however, appreciable amounts
of ammonium carbonate are formed in an aqueous solution of urea,

and if acid is added, the transformation proceeds still more quickly,
the carbonic acid being evolved, and the corresponding ammonium
salt remaining in solution. Strong bases have a similar action. In

putrefying urine are present organic compounds possessing the power
of catalytic acceleration, but of unknown composition, called ferments
or enzymes. These have been formed by the schizomycetes which

vegetate in the urine, and have the power of accelerating this absorp-
tion of water by urea, even in neutral solution. Sometimes such

ferments are present in the bladder of the living organism ;
the

ammonium carbonate then formed has a corrosive action on the

organism, and can cause very severe illness.

On account of its occurrence in the animal organism urea was
classed with the organic compounds before its simple relation to

carbonic acid had been discovered. Since the organic compounds were

formerly regarded as being produced under the influence of a special

force, the vital force, the actions of which it was assumed could not

be effected outside the organism, a great sensation was caused when,
in 1828, F. Wohler discovered a method of preparing urea artificially.

This consists in the transformation which the ammonium salt of cyanic
acid experiences in aqueous solution, and will be described somewhat
later.

This first
"
synthesis

"
of an organic compound was followed later

by innumerable others, and although by no means all the compounds
which occur in animals and plants have as yet been artificially pre-

pared, still in the work which has been directed towards this end no
circumstance has been encountered which makes it improbable that, on

more thorough investigation, it will be possible to prepare artificially

all the constituents of the organisms.

/NH2

The 'other amide of carbonic acid has the formula CO
;

it is

OTT
therefore an acid, and is called carbamic acid.

Carbamic acid itself is not known. Its salts, the carbamates, are

produced when ammonia and carbon dioxide come together in presence
of bases. Thus, the calcium salt is obtained by adding ammonia to
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calcium hydroxide and passing carbon dioxide into the mixture.

Since calcium carbamate, Ca(OCONH2) 2 ,
is soluble in water, while

calcium carbonate is not, the formation of a soluble calcium salt in

the above circumstances is a proof of the formation of the new salt.

The ammonium salt of carbamic acid is formed as a white crystal-

line mass on bringing ammonia and carbon dioxide together. This

can be carried out directly with the two gases, or, more conveniently,
the gases are passed into anhydrous alcohol, from which the ammonium
carbamate soon separates out.

In accordance with the formula of the acid, the composition of the

salt is given by the formula NH4OCONH2
. If we write the summed

formula we obtain C02N2
H

6 ,
i.e. the sum of one mole carbon dioxide

and two moles ammonia. This is the explanation why the salt can be

formed directly by the union of the two gases.

By themselves, the carbamates, even in aqueous solution, are fairly

stable, especially when the solution has an alkaline reaction. If, how-

ever, the liquid is acidified, an ammonium salt is formed and carbon

dioxide is liberated. This reaction is represented by the equation
C02

NH
2

' + H' = C02 +NH3 ,
which shows that carbamic acid can pass

directly into ammonia and carbon dioxide.

417. Carbon Monoxide. When coal is burned in a restricted

supply of air, a gas is formed which can burn in the air with a

characteristic blue flame, forming carbon dioxide. This phenomenon
is easily seen in a coal fire. When most of the hydrogen compounds
present have been burned, and the coal has become quite incandescent,

the coal lying at the foot of the grate which comes into contact with

the entering air, burns, it is true, to carbon dioxide, but this gas, on

passing through the upper layer of glowing coal, is, in accordance with

the equation C02 + C = 2CO, reduced to the compound CO, which

represents the above combustible gas. At the top of the glowing

layer, where abundance of air can again find access, the gas burns to

dioxide with the above-mentioned blue flame.

This compound, therefore, can be obtained by passing carbon

dioxide over strongly heated charcoal. Since in this process much

energy is taken up, this must be communicated from without, i.e. the

tube must be strongly heated. If the issuing gas is passed through a

solution of caustic soda, the carbon dioxide which remains undecom-

posed is absorbed, and the residue is pure carbon monoxide. In

order that a copious reaction may take place, the temperature must be

above 700. At lower temperatures, carbon monoxide passes into the

dioxide with separation of carbon. In this case also we ate dealing
with an equilibrium which alters with the temperature.

At higher temperatures carbon dioxide decomposes partially into

carbon monoxide and oxygen. Even at 2000, however, the decom-

position, under atmospheric pressure, does not amount to more than

1-8 per cent.
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Carbon monoxide is a colourless gas with the molar weight 28
;

it

must therefore have the formula CO. The density is equal to that of

nitrogen, and most of the physical properties of the two equally dense

gases also show close agreement. Thus, the critical magnitudes are :

Carbon monoxide. Nitrogen.

Critical temperature ... - 140 - 146
Critical pressure .... 36 atm. 35 atm.
Critical molecular volume . . 103 c.c.

The solubility of the two gases in water is also equally small.

Of the special properties of carbon monoxide, its poisonousness
should be mentioned, which, in certain circumstances, makes it a very

dangerous substance. This is due to the fact that the gas can com-
bine to form a very stable compound with haemoglobin, the colouring
matter of the red blood corpuscles. Now, haemoglobin has the function

of taking up the oxygen inspired into the lungs and of conveying it

through the blood canals to the parts of the body where, by its oxidis-

ing action on the different tissues and their constituents, it maintains

vital activity. But if the haemoglobin combines with carbon monoxide,
it loses the power of taking up oxygen, and precisely the same effects

supervene as on suffocation.

Such cases of carbon monoxide poisoning easily occur when coal is

burned in a stove which has an insufficient outlet, or if this outlet be

closed. Every year such cases of poisoning occur through closing the

stove register too soon. Carbon monoxide poisoning may also be

occasioned by coal gas, which, on an average, contains 0-1 of its volume
of carbon monoxide. Certain kinds of gas which are obtained by the

action of steam on heated charcoal (water gas) contain much more
carbon monoxide, and their use in daily life is, therefore, not without

objection.
The presence of carbon monoxide can be detected by the fact

that it is so readily absorbed by haemoglobin. If the gas to be investi-

gated is passed into a solution of the colouring matter of the blood,
the presence of carbon monoxide is shown by the appearance of two
characteristic bands in the absorption spectrum of the colouring matter.

These, it is true, appear similar to those produced by oxygen, but

they can be distinguished from the latter by the fact that on addition

of reducing agents (e.g. sodium sulphide) they do not disappear, whereas

the oxygen bands do.

With oxygen, carbon monoxide burns to dioxide in accordance

with the -equation 2CO + 2
= 2C02

. Two volumes, therefore, of the

monoxide unite with one volume of oxygen to yield two volumes of

carbon dioxide, and in this respect the relations correspond exactly with

those of detonating gas obtained from hydrogen and oxygen. With

oxygen or air, carbon monoxide also yields a
"
detonating gas

"
or

explosive mixture, which, however, burns much less violently than the

former.
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This is not in any way due to a smaller development of heat, the

heat of combustion being in both cases almost exactly the same, for

it amounts to 284 kj for one mole of carbon monoxide, and 286 kj
for one mole hydrogen. The cause is that the velocity with which
the process of combustion is propagated in the explosive mixture
is much smaller in the case of the carbon monoxide and oxygen than
of the hydrogen and oxygen mixture.

This velocity is greatly increased by the presence of a trace of

water vapour. In the case of the carbon monoxide mixture which
has been carefully dried with phosphorus pentoxide, the velocity is so

small that it is not possible to bring about ignition by means of an
electric spark ;

a mixture of perfectly dry carbon monoxide and oxygen
appears to be incombustible in such a way. If, however, the mixture
is heated from without, combination takes place.

The same behaviour is evidenced by the fact that a jet of carbon

monoxide burns in moist air with the well-known blue flame, but is

extinguished when it is brought into dry oxygen, whereas it continues

to burn in the moist gas.
All these are catalytic actions. The assumption occasionally

expressed, that intermediate products are formed with the water, has

not been proved ;
it may be right, but the mere assumption contri-

butes nothing to the explanation of the phenomenon itself.

418. Water Gas. The great advantages possessed by gaseous
fuel with respect to completeness of combustion and power of regulat-

ing the flame, have given rise to many experiments to prepare a gaseous
fuel, with as small a loss as possible, from the solid material, coal or

lignite. A very promising reaction was found in the action of water

vapour on charcoal, corresponding, according to circumstances, to one
or other of the equations

In the former case, charcoal and water vapour are converted into

carbon monoxide and hydrogen, in the latter, into carbon dioxide and

hydrogen. Of the two reactions, the former predominates at high

temperatures, while the second is favoured by a lowering of the

temperature.
Neither of the two reactions can take place spontaneously, for each

is accompanied by an absorption of heat, amounting in the first case

to 133 kj, and in the second to 91 kj. The communication of the

necessary energy in some form must, therefore, be provided for. One
method consists in raising the coal to a high temperature by combus-
tion with the help of an air-blast, and then passing in steam

;
when

the temperature has again sunk so low that the reaction would cease,
air is again injected, and the processes are repeated alternately. In

these operations, care must be taken, by reversing the conducting
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tubes, that the mixture of carbon dioxide and nitrogen formed in the

heating process does not mix with the combustible gas formed in

another period of the process.
The second method consists in mixing the steam with as much air

as is necessary to maintain the temperature. The process is in this

way a continuous one, and therefore much simpler, but the gas pro-
duced has the disadvantage that it contains a fairly large amount of

carbon dioxide and nitrogen mixed with it, and therefore does not

allow of such high temperatures being attained as the pure
"
water

gas."
On account of the very poisonous nature of carbon monoxide, it

will always be better to aim at producing a gas which contains as

little carbon monoxide as possible and a correspondingly larger amount
of hydrogen. This is the same as saying that the operations should

be carried out at as low a temperature as possible.
419. Formic Acid. Carbon monoxide can be regarded as the

anhydride of an acid which is called formic acid (CO +H2
= HCOOH),

because it was first observed in the acid liquid which ants squirt out

for defensive purposes. Still, no appreciable amount of formic acid

is formed when carbon monoxide and water are brought together.
The sodium salt, or sodium formate, however, is obtained when carbon

monoxide is passed over gently heated caustic soda. The reaction is

CO +NaOH = HCOONa.
As is seen from the formula of the sodium salt, formic acid is a

monobasic acid in spite of the fact that it contains two combining
weights of hydrogen. One of these is not capable of being replaced

by metals
;
the other, however, can be so very well. Formic acid can-

not even be called an acid of medium strength, although it approaches
very nearly to one.

Free formic acid can be easily obtained by the distillation of the

sodium salt with sulphuric acid. It is rather difficult to remove the

last traces of water from it, since it readily decomposes again into

water and carbon monoxide. It is best effected by allowing the fairly

concentrated acid to partially solidify ;
an anhydrous acid then

crystallises out and a more watery mother liquor remains. Pure
formic acids melt at 8-6

;
at the ordinary temperature it is a colour-

less liquid with corrosive smell and action, which dissolves in water
in all proportions and reacts strongly acid. With bases or metals, it

forms salts which are for the most part readily soluble in water and
contain the colourless formanion HC02

'

; by oxidising agents, it is

readily oxidised to carbon dioxide : HCOOH + = C02 +H20. It acts,

therefore, with respect to some substances, as a reducing agent, and it

precipitates, more especially, the noble metals, such as gold and

platinum, but also silver and mercury, from their salts.

Formic acid is usually classed with the organic acids because it is

the first member of a large series of similar acids which differ from it
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in the fact that the non-ionisable hydrogen is replaced by the atomic

group CnH2n+1 (n being a whole number) ;
in the simplest case, there-

fore, by CH3
. The acid which is formed from formic acid by the

introduction of CH3 in place of hydrogen is called acetic acid
;

it has

the composition CH3COOH =HC2 2
H3 ,

and is monobasic like formic

acid.' Since acetic acid is readily formed from organic substances, it

is one of the longest known acids, and in most languages it has given
the name to the group of the acids.

420. Acetic Acid has similar properties to formic acid
;

it does

not, however, exhibit the reducing actions of the latter, but is exceed-

ingly stable towards oxidising agents. It is produced by the oxidation

of spirits of wine (vide infra)., and in the distillation of wood. It is a

colourless liquid which solidifies (when supercooling is avoided) at 16-6,

and which, on account of the ice-like appearance of the crystals, is called

glacial acetic acid. It mixes with water in all proportions, yielding

solutions of an acid taste. A solution containing about 3 per cent of

acetic acid is used for household purposes under the name vinegar. In

the laboratory also, acetic acid is often used in cases where it is necessary

to have an acid which is much weaker than the mineral acids, hydro-
chloric or sulphuric acid, but which has nevertheless a distinct acid

character and does not readily yield to other chemical attacks. Its

salts, the acetates, contain the colourless acetanion, H3C2 2
'.

421. Hydrogen Compounds of Carbon. The number of com-

pounds which carbon forms with hydrogen is exceedingly great. The

treatment of these belongs to organic chemistry, and only a few of the

most important of the compounds of this group will be mentioned here,

and their relations to the other simple carbon compounds discussed.

The simplest of all the substances of this group is the compound
CH4 , which, from its occurrence, goes by the name of marsh-gas or

fire-damp ;
its systematic name is methane. It is a constituent of the

gases which are evolved from decaying vegetation at the bottom of

stagnant waters. The gas is also frequently found in coal mines
;

it

generally occurs shut up in cavities under some pressure, and escapes
when these are opened in the mining. The name methane is derived

from the relation which the gas bears to methyl alcohol (vide infra) or

wood spirit.

Methane is a colourless and odourless gas, having the molar weight
16

;
it is slightly absorbed by water, and, in its properties, greatly

resembles the simple gases nitrogen and hydrogen. It burns with a

feebly luminous flame, and forms an explosive mixture when mixed

with oxygen or air. Such mixtures, known as
"
fire-damp," are readily

formed in coal mines, and do great damage when by any means they
are ignited.

From the equation of combustion, CH4 + 202
= C02 + 2H20, it is

seen that one volume of methane requires two volumes of oxygen, and

therefore ten volumes of air, for its combustion. In order that a
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mixture shall remain explosive it must contain not less than six and not

more than fourteen volumes of air to one volume of methane. Mixtures

lying outside these limits can, indeed, be caused to react by heating,
but they no longer explode, because the flame is extinguished even

when ignition has been effected at one point.
The cause of this is, that in a mixture consisting of oxygen and

a combustible gas, the ignition is propagated with very different

velocities, depending greatly on the nature of the gas and the ratio

in which they are mixed. That ignition is propagated at all is due

to heat being developed by the combustion. If this is sufficient to

raise the temperature of the adjacent unburnt gas so high that its

temperature of rapid combustion is reached, the process is continued

from point to point, and rapid, explosive combination is the result.

If, however, through the addition of a foreign gas or excess of a gas,

the temperature is so far lowered that the heat developed in unit of

time is no longer sufficient to cover the losses due to cooling at the

walls of the vessels, radiation, etc., then the temperature must fall, the

velocity diminishes, the temperature falls still more, and the reaction

stops. It must be possible, therefore, to reduce every explosive gas
mixture to the limits of combustibility, and beyond them. This is, as

a matter of fact, the case. But the influence of different gases depends
not only on their capacity for heat, as might be supposed from what
has been said, but also on their specific nature. This is due to the

fact that the gases added act not only on the temperature but also

on the velocity of reaction and therefore act catalytically. The sudden

compression caused by the
"
explosive wave "

also brings about a rise

of temperature. Since explosive combustion is influenced by the one

as well as by the other factor, no one of them can alone determine the

limit of combustibility.
422. Derivatives Of Methane. From methane, numerous com-

pounds can be derived which are formed from it by substitution. In

other words, they are compounds in which one or more hydrogens of

methane are replaced by other elements or groups of elements. This

kind of mutual relationship is very general in the case of the carbon

compounds or the organic compounds, and a complete system of all

organic substances can be built up by imagining them to be formed

from one another by substitution.

The processes here considered must be carefully distinguished from

the process of salt formation, in which hydrogen is also substituted.

Whereas in the case of the acids, by no means all the hydrogen can

be replaced, in the case of organic compounds, all the hydrogen can be

substituted. Further, whereas the acid hydrogen can be replaced only

by metals or metal-like groups, the hydrogen of organic compounds
can be replaced by the most different elements or groups. Finally,
the compounds which are formed in the case of the organic substances

are not salts but undissociable or indifferent compounds. It is, of
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course, not excluded that organic substances may also yield acids,

bases, and salts, but the formation and transformation of these follow

the same laws as in inorganic chemistry. With the organic com-

pounds, both kinds of processes, salt formation and substitution, may
occur, correspondingly different substances being produced.

Thus, for example, the following compounds are successively

obtained by the action of chlorine on methane (under the influence

of sunlight) :

Methyl chloride CH3C1

Methylene chloride CH2C12
Chloroform CHCL,
Tetrachlormethane CC14

All these substances are formed from methane, the hydrogen being

replaced step by step by chlorine. Further, all are indifferent or

non-saline substances. Their properties change gradually with the

increase in the amount of chlorine, as is shown in the following

table :

Density. Boiling point.

Methyl chloride . . . 0-9523 -23-7

Methylene chloride '. . 1-3778 +41-6
Chloroform .... 1-5264 61-2

Tetrachlormethane . . 1-6320 76-7

All these substances are only slightly soluble in water. The

solutions do not exhibit any of the reactions of chloridion, i.e. on

addition of silver nitrate they remain clear. Also, neither the

solutions nor the pure substances possess the property of conducting
the electric current.

The derivatives of methane containing bromine or iodine in place

of hydrogen are perfectly similar
;

their properties also undergo a

gradual change with increase in the amount of halogen. On the other

hand, if the corresponding chlorine, bromine, and iodine compounds
are arranged in a series, a similar gradation of properties is observed.

This is shown, for the densities, in the following table :

Chlorine. Bromine. Iodine.

Simple substitution . . 0-952 1-664 2-199

Double . . 1-378 2-084 3-342

Triple ., . . 1-526 2-900 4-008

Quadruple . . 1-632 4-32

With fluorine also, corresponding compounds CF4, CF3H, CF2H2 ,

are known. The general method of preparing these is by the inter-

action of the chloro-compounds on silver fluoride. Carbon tetrafluoride

is also obtained by passing fluorine over porous charcoal at a low

temperature. The gas, the density of which corresponds to the formula

CF4 , condenses to a liquid at - 15 under atmospheric pressure. It is

sparingly soluble in water, but very readily soluble in ether and in

anhydrous alcohol. It reacts with glass with formation of C02 and



430 PEINCIPLES OF INOKGANIC CHEMISTRY CHAP.

SiF4 . The above compounds are also readily formed by the action of

gaseous fluorine on carbon compounds.
423. Radicles. Considering the compounds just described, CH4 ,

CH3C1, CH2C12 ,
CHC13 ,

and CC14 ,
we can formally regard the latter

as chlorides of the groups CH3 ,
CH2 , CH, and C. Of these, the first

is combined with one, the second with two, the third with three, and
the fourth with four combining weights of chlorine. Just as we
called a metal which can combine with two combining weights of

chlorine, bivalent, so we may call the group CH
2 bivalent, and CH

tervalent
;

in this 'sense carbon is quadrivalent.
It is a remarkable fact that hydrogen and the halogens do not

form any other compounds with carbon, containing only one combining
weight of this element, than the ones mentioned. In other words, in

all these compounds carbon is quadrivalent, for the number of the com-

bining weights of hydrogen and the halogens together is always equal
to four.

On the other hand, the group CH3 can be regarded as univalent

because it can combine with still one combining weight of hydrogen or

halogen ; alone, it is incapable of existing. Likewise, the group CH2

is bivalent, and so on.

The univalent group CH3 is called methyl, the bivalent CH2 methylene,
the tervalent CH methenyl.

Of these groups or radicles, the first is the most important, for it

forms by far the most derivatives. Such compounds are formed not

only by the replacement of hydrogen by other elements, such as the

halogens, but, instead of elements, monovalent radicles, such as hydroxyl
or amidogen, may replace hydrogen and give rise to corresponding

compounds. The number of such radicles is very great, for every
existing compound can, by the loss of one combining weight of hydrogen
or another element, pass into a univalent radicle.

424. Methyl Alcohol. Of these compounds, one of the most

important is that with hydroxyl, CH3OH, which is called methyl alcohol.

Formerly, the name alcohol was used to designate only spirit of wine,
the volatile constituent of intoxicating beverages. It afterwards

became a class name, and the hydroxyl compounds of the hydrocarbon
radicles generally are called by the name alcohol.

Methyl alcohol is formed, along with many other volatile substances,

by the dry distillation, i.e. by the heating, of wood. It is separated
from the mixture by fractional distillation, and in the pure state is a

colourless liquid with a feeble odour and having the density 0-796. It

is combustible and dissolves in water in all proportions. Its boiling

point is 66.

Methyl alcohol is a type of the alcohols. These are indifferent

liquids, reacting neither acid nor alkaline with vegetable colours, whose

aqueous solutions do not appreciably conduct the electric current, and
which are therefore not dissociated into ions. The alcohols can be
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mixed with acids without immediate combination taking place. If

the two substances, however, remain mixed for a lengthened period,
interaction slowly occurs, the course of which is quite similar to that

of salt formation. Thus, from methyl alcohol and hydrochloric acid,

methyl chloride (p. 429) and water are formed, and the corresponding

equation of reaction, CH3(OH) + HC1 = CH3C1 + H20, has an appear-
ance quite similar to that of a salt formation, the methyl, CH3 , playing
the part of a cation.

However, the product of the action, the methyl chloride, is no salt

in the ordinary sense. As is seen from the statement of its properties

given on p. 429, it is, at the ordinary temperature, a gas which is con-

verted into a colourless liquid only at -23-7. Its aqueous solution

does not conduct the electric current at all, and on the addition of

silver solution, no precipitate of silver chloride is formed, so that no

demonstrable amount of chloridion is present.

If, however, the silver solution is left very long in contact with

methyl chloride, silver chloride begins slowly to separate out. One is,

therefore, led to suppose that chloridion is indeed present in the aqueous
solution, but in exceedingly slight amount. By the long-continued
action of the silver solution the amount of chloridion is finally so far

increased that silver chloride can be precipitated.
In fact, the most appropriate view of this kind of compound is

that besides the outward similarity between the alcohols and the

bases, and between their acid compounds and the salts, there exists an
inner resemblance which is masked by the following circumstances.

First, the dissociation of these substances into ions is so exceedingly
small that it cannot be detected by the ordinary means. Secondly,
the processes of dissociation into and recombination of the ions takes

place disproportionately slower in the case of these substances (chiefly

just by reason of the extraordinarily small concentration of their ions)

than in the case of the typical bases and salts. It is suitable, there-

fore, not only to retain the name alcohol for the hydroxyl compounds,
but also to call their acid derivatives not salts, but to introduce a

special name for them They are called esters. Methyl chloride is

therefore the hydrochloric acid ester of methyl alcohol.

425. The Radicle Methyl and Homologous Series. From
methane, CH4 ,

which is a
"
saturated

"
compound, there is formed, by

loss of hydrogen, a monovalent radicle which has the composition CH3 ,

and is called methyl. It does not exist alone any more than hydroxyl
does

;
but as a constituent in organic compounds it plays a very im-

portant part.
This follows from the fact, discovered empirically, that those com-

pounds in organic chemistry which may be regarded as being formed

by the replacement of hydrogen by methyl, possess a very great
resemblance to the parent compound. An example of this we have

already met with in the case of formic and acetic acids. If we com-
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pare the two formulae HCOOH and CH3COOH, which represent these

two acids, we see that, as a matter of fact, acetic acid can be derived

from formic acid by imagining the first hydrogen of its formula replaced

by methyl.
Such a method of derivation can be employed in the case of all

organic compounds containing hydrogen. This can, in the first instance,

be done for methane itself, and, in this way, there is obtained from

methane CH4 the compound CH3 . CH3 ,
which is called ethane. In

this compound, the same change can be carried out, and we obtain

propane, CH3 . CH2 . CH3 . Evidently, there is no theoretical limit

to this substitution, and, indeed, hydrocarbons of this kind are known

up to C40 and over. Petroleum consists of hydrocarbons of this class.

On writing the summed formulae of these hydrocarbons, we obtain

the series CH4 ,
C2H6 ,

C3H8 ,
C4H10 ,

and so on. Each successive hydro-
carbon differs from the previous one by CH2 ,

one hydrogen being
eliminated each time and CH3 introduced instead. Such a series of

similar compounds which can be derived from one another by the

substitution of methyl for hydrogen, is called an homologous series.

Besides the homologous series of the hydrocarbons, there is one of

the alcohols, the acids, the chlorides, etc.

Of the homologues of the above-mentioned substances, we may
mention ethyl alcohol, homologous to methyl alcohol, which is known
under the name of spirit of wine, alcohol, or spirit. It has the com-

position CH3CH2OH or C
2
H

60, and can be derived from methyl
alcohol by imagining one combining weight of hydrogen replaced by
methyl.

Ethyl alcohol is prepared in very large quantities by the fermen-

tation of sugar and substances containing sugar. These have the

composition C6H12 6 ,
and decompose, under the influence of a catalytic

agent, zymase, which is secreted by various organisms, especially by
yeast, into alcohol and carbon dioxide, according to the equation
C6H12 6

= 2C2
H

6 + 2C02
. The latter escapes, and from the aqueous

mixture the ethyl alcohol is separated in the pure state by distillation.

It boils at 80.

Ethyl alcohol is a colourless liquid with a feeble smell and burning
taste. For the organism it is, when concentrated, an acute, when
diluted, a slow poison. The phenomena of incipient poisoning become
first of all evident with respect to the brain, and, as alcoholic intoxica-

tion, are unfortunately too well known.

Alcohol is of very wide application in the arts. Apart from its

use as a clean fuel, easy to regulate, it is employed as a solvent for

many substances, and as the starting-point for innumerable chemical

preparations. It dissolves in water in all proportions, rise of tempera-
ture and diminution of volume thereby occurring. The density of the

alcohol and water mixtures is used as an analytical aid in determining
the amount in solution, and a large number of very exact determina-
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tions of this have been made. The following table gives a clear

summary of the relations at 15 :

Percentage amount of alcohol -npnaitv
by weight.

Density.

0-9914
10 0-9755
20 0-9634
30 0-9495

40 0-9317

50 0-9108
60 0-8884

70 0-8652
80 0-8412

90 0-8160

100 0-7874

426. Ether. In accordance with the majority of its reactions,

alcohol must be regarded as the hydroxyl compound of the radicle

ethyl, C2H5
. If we recollect that hydroxyl is derived from water by

the loss of one combining weight of hydrogen, it follows that alcohol

can also be regarded as a derivative of water, one combining weight
of hydrogen being replaced by ethyl. From this the question at once

arises, whether the second combining weight of hydrogen in water cannot

also be replaced by ethyl or similar radicles. In the case of ethyl, a

compound 0(C2
H

5 )2 would be formed.

Such a compound has long been known
;

it is called ether. Since

similar substances can also be derived from methyl and the other

radicles, there exists a whole class of ethers of different composition,
which one distinguishes by stating the radicles contained in them.

Ordinary ether, 0(C2
H

5)2 ,
is therefore called by its scientific name

ethyl ether.

Ether is obtained by distilling alcohol with concentrated sulphuric
acid. If the summed formulae of the two substances are compared, the

formula of alcohol being doubled, viz. 2C2
H

6
or C4H12 2 and-C4H100,

it is seen that ether contains the elements of water less than two com-

bining weights of alcohol. Ether can, therefore, be regarded as an

anhydride of alcohol, and the action of the sulphuric acid on alcohol

in the formation of ether can be looked upon as a withdrawing of water.

In reality, the process is rather more complex, but into that we cannot

enter here.

Ether is a colourless liquid whose boiling point lies as low as 34-6,

and has an easily recognisable, sweetish smell. It is combustible, and,

on account of its high vapour pressure, it rapidly evaporates in the

open air with great lowering of temperature. The mixture of ether

vapour and air is explosive. Ether has a narcotic action on the human

organism, and is therefore used in surgical operations to produce un-

consciousness, and therefore painlessness. If finely divided ether

is sprayed on a part of the body, the latter becomes considerably

cooled by the cold of evaporation, and in this way local numbness can

be produced.
2F
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Ether is a solvent for many substances, e.g. iodine and bromine, as

well as oils and fats. On this, likewise, many applications of ether

depend. Water dissolves only about one-tenth of its volume of ether
;

if more ether is added, it forms a light layer, containing some water,

on the surface of the water solution.

427. Unsaturated Compounds. Whereas methyl, 'or methane

minus one hydrogen, cannot exist alone, substances exist which have

been formed from the saturated compounds by the loss of two or four

combining weights of hydrogen. Under certain circumstances these

can again take up this hydrogen, and they are therefore called un-

saturated compounds.
No such compound, however, is formed from methane

; they first

begin with ethane. The hydrocarbon C2
H4 ,

which contains two

hydrogens less than ethane, C2
H

6 ,
is called ethylene, and that con-

taining four less, C2
H

2,
is called acetylene.

Ethylene is a colourless gas whose critical temperature is 10, and

which forms a constituent of ordinary coal gas. In the. latter it is

very valuable, since it burns with a strongly luminous flame, and

therefore very materially aids in producing the luminosity of the gas
flame. In consequence of its containing a comparatively large amount
of carbon, the pure gas burns in the air with a somewhat smoky flame.

Ethylene is most easily prepared from ethyl alcohol by treating
the latter with dehydrating agents (concentrated sulphuric acid). The

equation of the reaction is C2
H

6
= C

2
H4 +H20. The greater part of

the alcohol vapour which is carried over, and of the by-products formed

in the reaction, is removed by passing the gas through water.

If ethylene is brought together with chlorine or bromine, the two
substances unite directly to form the compounds C2H4C12 and C2

H4Br2

respectively. These are saturated compounds, derivatives of ethane,

2
H

6 ,
in which two hydrogens are replaced by chlorine or bromine ;

they may also be obtained directly from ethane by replacing its hydrogen

by halogen. The compounds formed, ethylene chloride and ethylene

bromide, are oily liquids ;
on account of this reaction, ethylene has also

been called olefiant (oil-forming) gas.

Acetylene is a colourless and odourless gas whose importance has in

recent times become greatly enhanced by reason of its application as

an illuminant. It has the composition C2
H

2 ,
and contains, therefore,

four hydrogens less than ethane ; it can, accordingly, unite with four

combining weights of chlorine or bromine to form the compounds
CgH^C^ and C2H2Br4 respectively, which can be regarded as substitu-

tion compounds of ethane. Of the two reactions, however, only the

second takes place smoothly, since acetylene and chlorine interact with

spontaneous explosion.

Acetylene is now prepared in large quantities by the action of

water on calcium carbide. The latter is a substance produced by the

action of coke on lime at very high temperatures (in the electrical
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furnace), and has the composition CaC2 ;
the formation of acety-

lene takes place according to the equation CaC2 + 2H2
= Ca(OH)2 +

C2
H2 .

Acetylene burns in air with a smoky flame, which becomes white

and luminous when special burners are employed, in which a very thin

or flat jet of gas can burn with abundant access of air. The illuminat-

ing power of this flame is very great, so that acetylene can be

advantageously employed for illuminating purposes, especially where

the simplicity of the generating apparatus is a consideration. The
latter consists of an arrangement similar to that described on p. 129,

the purpose of which is to allow the water to come into contact with

the calcium carbide only in proportion as the gas is consumed.

The great illuminating power of the acetylene flame is due to its

high temperature ;
the latter is due to the fact that acetylene is a

substance which is formed from its elements with great absorption
of energy, so that in the further transformations, this excess of energy
is set free as heat. For, the heat of combustion of acetylene amounts
to 1297 kj, whereas that of the carbon and hydrogen contained in it

only amounts to 1012 kj. The difference of 285 kj, therefore, becomes

free, in addition to the heat of combustion of the elements, and hence

the high temperature.
Connected with this is the fact that acetylene is an explosive sub-

stance. If in a fairly large amount of acetylene the decomposition
of the gas into its elements is brought about at any point, the tempera-
ture at the point of reaction will rise and can raise the temperature
of the neighbouring portions of acetylene to the temperature of rapid

decomposition. This process spreads, and thus the whole amount
of the gas suddenly decomposes.

Experiments, in which the decomposition was initiated by means
of electric sparks or fulminating pejlets, have given the following
results. Acetylene under ordinary atmospheric pressure can not be

made to explode completely. By the means employed, the neighbour-

ing masses of the gas, it is true, are decomposed, but the decomposition
is not propagated.

Propagation of the decomposition begins to occur only at a pressure
of about 2 atmospheres. From this pressure onwards, and the more
so the higher the pressure, acetylene becomes an explosive substance,

undergoing decomposition with great violence when decomposition is

started by any means at some point. The same property is exhibited

by liquid acetylene. Since the critical temperature of this gas is 37

and the critical pressure 68 atm., the liquefaction of the gas can be

easily accomplished. This operation is without any great danger if

carried out at very low temperatures, in which case only slight pressures
have to be applied ;

but at higher temperatures, with correspondingly

greater pressures, it becomes on the whole very dangerous, and has

claimed several victims.
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Connected with the great absorption of energy in the formation

of acetylene from its elements, is the fact that it is formed from the

latter at very high temperatures (vide p. 356). For example, if an

electric current be allowed to pass between two carbon poles in a space
in which hydrogen is present (Fig. 107), the latter combines with the

carbon with formation of acetylene.
The detection of acetylene depends on its power of yielding pre-

cipitates with a solution of a univalent salt oj copper, or of a silver salt

in excess of ammonia, these precipitates being the carbon compounds
or carbides of the respective metals. The silver precipitate is white,

the copper one red. In the dry condition both explode violently ;
on

being treated with acids they again yield up the acetylene.

428. Coal Gas. The combustible gas which is used for heating

and illuminating purposes, and which, under the name of coal gas, is

so widely applied, is obtained by the dry distillation of coal rich in

hydrogen. The coal is heated in tube-shaped retorts, and the hydrogen

thereby combines with part of the carbon to form volatile compounds ;
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The working up of the gas tar is also carried out essentially by
fractional distillation, with the aid of lime and sulphuric acid. The
details of this belong to the chemical technology of the organic

compounds.
The gas, which is evolved at the same time, is freed by cooling and

washing from the tar
; and by passing it over a mixture of lime and

oxide of iron, the sulphur compounds it contains, and which, by reason

of the formation of sulphur dioxide would have a baneful effect when
the gas is used in inhabited rooms, are removed ;

it is then stored in

large gas-holders for distribution through the network of tubes to the

individual consumers.

Coal gas varies considerably in composition, according to the

material used for its preparation. Its chief constituents are hydrogen,
methane, carbon monoxide, and some hydrocarbons richer in carbon,

especially ethylene, benzene, and naphthalene. The latter two com-

pounds are respectively liquid and solid at the ordinary temperature ;

they can mix with the gas, therefore, only in amount corresponding to

their vapour pressure, and again separate out when the gas experiences

any considerable lowering of temperature.
To give an idea of the composition of ordinary coal gas, we give

here the results of an analysis in which the constituents are stated in

parts by volume :

Hydrogen .

Methane
Carbon monoxide

Hydrocarbons
Carbon dioxide

Nitrogen .

Benzene vapour

49-6

29-8

9-6

5-0

2-7

2-6

0-7

The "
hydrocarbons

"
consist chiefly of ethylene.

A feebly luminous gas can be made strongly luminous by adding
to it (best done immediately before its consumption) a small quantity
of the vapours of complex hydrocarbons (benzene or naphthalene).
Such

"
carburetted

"
gas is already much used. It is only necessary

to conduct the gas through a vessel in which the above-named sub-

stances are contained, the vapour pressure of these .being, at mean
room temperature, great enough to effect a sufficient carburetting.

Another still more advantageous method consists in the use of

mantles of solid substances which are raised to incandescence in as hot

a flame as possible. The details of this will be given later (cf.

Thorium, Chap. XLIV.).
In the laboratory coal gas is used very extensively for heating.

The burner used for this purpose was invented by E. Bunsen in 1855.

It consists (Fig. 108) of a jet fastened to an iron base, from which the

gas streams into a wider, upright tube, which is furnished with lateral

draught-holes beside the jet. In the tube the coal gas is mixed with



438 PKINCIPLES OF INOKGANIC CHEMISTEY CHAP.

air, and the mixture burns at the mouth of the tube with a hot and very

slightly luminous flame, which deposits no soot on a cold object when
introduced into it. This is due to the fact that by means of the draught-

holes the gas is mixed with as much air as is

necessary for the oxidation of the hydrogen
and the conversion of the carbon present into

carbon monoxide.

Numerous other forms of burner, which

have been adapted for various purposes,
have been made on the principle of the

Bunsen burner. In Fig. 109 is shown the

construction of a, flat burner for heating

larger vessels.

The mixture of gas and air which issues

from the burner is explosive ;
the velocity

with which it issues is, however, usually so

great that the combustion is propagated
backwards more slowly than the gas moves forward. If the flow of

gas is reduced below a definite point, the state of matters is reversed,

and the burner
"

strikes back." To avoid this, the access of air must
be reduced at the same time, and some forms of burner are so con-

structed as to do this automatically.
The flame of a Bunsen burner consists of two parts : an inner,

green hollow cone, and an outer, blue mantle. In the hollow cone

the combustion of the hydrogen and of the carbon to carbon

monoxide essentially occurs ;
in the outer mantle the combustion to

dioxide is completed. For this reason, the inner cone has a reducing
action on substances introduced into it, whereas in the outer edge of

FIG. 108.

FIG. 109.

the mantle an excess of oxygen is present. These differences are made
use of for the purpose of chemical analysis.

For this purpose, besides the inner cone, a, a, aa (Fig. 110), and the

outer mantle, a, a, c, Bunsen distinguished the luminous tip, aba, which
is produced when the air-holes of the burner are partially closed. It

is not present in the normal Bunsen flame. In these three portions
there are six reaction spaces, namely, the basis of the flame a, which is

the coldest part of the flame
;
the fusing space, /3, which is the hottest

part, y is the lower, and e the upper oxidising flame ;
while 8 is the
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lower and ^ the upper reducing flame. The former acts less vigorously,
as unconsumed air is still present, but it is hotter than the upper flame

r?,
which contains an excess

of reducing carbon.

429. Oxalic Acid. By
the oxidation of manycarbon

compounds there is formed

an acid of the composition
H

2C2 4 , which, by reason of

its manifold importance, we
shall also mention here. It

is called oxalic acid, and since

both its hydrogens are re-

placeable by metals, it is a

dibasic acid.

Oxalic acid is a white

crystalline substance, which

readily dissolves in water,

and gives an acid reaction
;

it is found to be an acid of

medium strength. The

ordinary crystallised oxalic

acid contains water of

crystallisation, and its com-

position is represented by
the formula H2C2 4 + 2H20.

With bases it forms two
series of salts, acid and

normal, and most of these

are sparingly soluble in

water. Of these salts, the

most important are the acid

potassium salt and the nor-

mal calcium salt.

The former, having the

composition KHC2 4 ,
occurs

in many plants possessing
an acid taste, and can be

obtained crystalline by the

evaporation of the juice

pressed out from these. For

its preparation there was

formerly chiefly used the
T

J
, tT \

wood-sorrel (oxaiis), irom

which the name oxalic acid is derived
; likewise, the potassium slat is

called salt of sorrel.
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The neutral calcium salt CaC2 4 is very sparingly soluble in water.

It occurs in almost all plants, being found in the cells as very char-

acteristic hydrated crystals which have the appearance of envelopes.
In analytical chemistry it is of importance from the fact that it is the

form in which the calcium compounds are detected qualitatively and

determined quantitatively. As reagent for this purpose, the am-

monium salt of oxalic acid is mostly used.

On being heated, oxalic acid first decomposes into formic acid

and carbon dioxide, H2C2 4
=HCOOH + C02 ,

but this decomposition
can be effected only with great care or with the help of suitable

catalysts. On heating more strongly, the formic acid also decomposes,
and there are obtained carbon dioxide, carbon monoxide, and water :

H
2C2 4

= C02 + CO +H2
0. The salts of oxalic acid on being heated

are converted, with evolution of carbon monoxide, into carbonates,

which in some cases decompose further : e.g. CaC2 4
= CaC03 + CO =

CaO + C02 + CO.

Further, oxalic acid decomposes into carbon monoxide and carbon

dioxide when treated with dehydrating agents, such as concentrated

sulphuric acid. This reaction is made use of for the convenient pre-

paration of carbon monoxide ;
oxalic acid or one of its salts is warmed

with concentrated sulphuric acid, and the escaping gases passed through
a wash-bottle with caustic soda. The carbon dioxide is absorbed by
this, and pure carbon monoxide is obtained.

Oxalic acid is fairly sensitive to oxidising agents, and is readily

oxidised by them to carbon dioxide : H2C2 4 + = 2C02 +H20. This

reaction is also used in analytical chemistry, and we shall later have

occasion to return to it (Chap. XXXI.).
430. Carbon Bisulphide. When charcoal is heated in a current

of sulphur vapour, a compound of the two elements is formed. It has

the composition CS2 ,
for its vapour density is 76, and analysis shows

it to contain 64 of sulphur to 12 of carbon.

Carbon disulphide is a colourless liquid, whose density is about 1-3,

and which boils at 47. In the pure state it is almost colourless.

Ordinary carbon disulphide, owing to the presence of other sulphur

compounds, has generally rather a bad smell. It can be purified by
shaking with metallic mercury and distilling.

Carbon disulphide refracts and disperses light very strongly ;
its

indices of refraction (at 17-00), for the most important rays, are :ABC D
Wave-length 7604 6867 6562 5890 x 1Q-8 cm.
Index of refraction 1-61136 1-61756 1-62086 1-63034

E F G H
Wave-length 5270 4861 4308 3968 x 10-8 cm.
Index of refraction 1-64320 1-65529 1-67975 1-70277

For this reason it has often been attempted to use it for optical

apparatus, e.g. for prisms in spectroscopes. This, however, has not met
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with success, since the great expansion by heat very readily causes dis-

turbances
; further, carbon disulphide is somewhat sensitive to light,

and when exposed to light for a lengthened period it decomposes and
its properties change.

Carbon disulphide is a good solvent for many substances
;

in this

role, we have already met with it in the case of sulphur and iodine.

It also readily dissolves fats and resins, a fact on which many technical

applications of it depend.

By reason of being composed of two combustible elements, carbon

disulphide can be ignited, and it burns in the air with a blue flame,

with formation of sulphur dioxide and carbon dioxide. Its temperature

of ignition is very low, so that the vapour of carbon disulphide can be

ignited under circumstances in which other combustible substances are

far from taking fire. Corresponding care must, therefore, be observed

in using this compound. ,

Mixed with nitrous oxide, carbon disulphide burns with a flame

which is especially rich in ultraviolet and violet rays, and which, there-

fore, under certain circumstances, is used for photochemical purposes.
The sulphur dioxide thereby formed, however, is a hindrance to its

general use.

Carbon disulphide is formed from its elements with absorption of

- 120 kj. Its heat of combustion amounts to 1320 kj, whereas that of

the elements is only 1200 kj. In very special circumstances, there-

fore, it may be caused to decompose explosively ; this, however, is

difficult, and, as a rule, it exhibits no explosive properties.
From carbon disulphide an acid is derived which bears the same

relation to it as carbonic acid does to carbon dioxide. Only, the

acid is not composed of carbon disulphide and water, but of carbon

disulphide plus sulphuretted hydrogen, and has, therefore, the com-

position H2CS3 .

From this example it will be seen that besides the oxyacids there

are others which have a similar composition to these but contain

sulphur in the place of oxygen. These are called thio-acids, and the

above acid, thiocarbonic acid, is such an acid, as can be seen by writing
the two formulae side by side :

Anhydride C02 CS2

Acid H2C03 H2C

Sodium salt Na2C03 Na2
<

The sodium salt of thiocarbanion is obtained by dissolving carbon

disulphide in a solution of sodium sulphide, in accordance with the

equation CS2 + Na2S = Na2CS3 . From a solution of this salt, thio-

carbonic acid can be . precipitated by addition of an acid. Unlike

carbonic acid, it only slowly decomposes, so that it separates out as

an oily liquid, only slightly soluble in water. This is, however, not

stable, but slowly decomposes into carbon disulphide and sulphuretted

hydrogen : H
2CS3

=H
2S + CS2 .
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The thiocarbonates have attained to a certain importance from the

fact that carbon disulphide has been found to be a means for destroy-

ing the phylloxera. Whereas carbon disulphide is so volatile as to be

inapplicable for this purpose, the thiocarbonates are suitable. Under
the influence of the carbon dioxide in the air and in the soil, these are

converted into carbonates, carbon disulphide and sulphuretted hydrogen

being split off : Na2CS3 + C02 +H2
= Na2C03 + H2S + CS2 . The process

takes place slowly, but still with such rapidity that the amount of carbon

disulphide present at each moment is sufficient to exercise the desired

action.

The existence also of a compound CS has recently been rendered

very probable. It was obtained as a colourless gas, by heating copper
in the vapour of carbon disulphide diluted with nitrogen, according to

the equation : CS2 + Cu = CS + CuS.

431. Carbon Oxysulphide. In various ways, most easily by the

decomposition of the thiocyanates (vide infra) with sulphuric acid, a

compound, COS, is formed which can be regarded as an intermediate

compound between carbon dioxide and carbon disulphide. It is a gas
which is readily absorbed by water, with which it slowly interacts, with

formation of carbonic acid and sulphuretted hydrogen : COS + 2H2
=

H
2C03 + H2S. This reaction is greatly accelerated by the addition of

a base, the salts of the two acids being formed.

Carbon oxysulphide smells somewhat like sulphuretted hydrogen,
and readily burns in the air with a blue flame, forming carbon dioxide

and sulphur dioxide.

432. Cyanogen. When carbon and nitrogen are exposed to very

high temperatures, such as exist, for example, in the electric arc (Fig.

107, p. 436), these two elements combine to form a gas which, in accord-

ance with its composition and its density, 52, has the formula C2N2 .

_iOn account of the blue compounds which it yields with iron, and which
have been known for long, this substance has received the name cyanogen

(producer of blue).

Cyanogen is a colourless gas with peculiar smell and poisonous
action on the organism. Its critical temperature is 124, its critical

pressure 62 atm. In its solubility in water it resembles carbon dioxide,

to which it also approximates with respect to its density (52 as com-

pared with 44).

Cyanogen can be ignited in the air, and burns, with a characteristic

flame of red-violet colour, to carbon dioxide and nitrogen. A consider-

able amount of heat is thereby developed, amounting to more than

would be given by the corresponding amount of charcoal. Cyanogen,
therefore, also belongs to those compounds which are formed with

absorption of energy, and whose spontaneous formation occurs at very

high temperatures. It is thus formed on all occasions where carbon

and nitrogen come together .at a high temperature, e.g. in the blast

furnace in the'preparation of iron. The heat of combustion of cyanogen
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is 1087 kj, whereas that of two carbons amounts to 812 Jcj (the nitrogen

is left unburnt) ;
in the formation of the gas, therefore, 275 kj are

absorbed.

In its chemical relations, cyanogen is analogous to the halogens,

and forms a whole series of compounds in which the group CN behaves

like chlorine or iodine. More especially, it forms with the metals,

cyanides, which contain the colourless, highly poisonous univalent

cyanidion ON'.

In the first place, there should be mentioned the hydrogen com-

pound HCN, hydrocyanic acid or prussic acid. This compound is

obtained by decomposing the metallic cyanides with an acid, just as

hydrochloric acid is obtained from common salt. The metallic cyanides,

in turn, are formed by allowing carbon, nitrogen, and the respective

metals, or their carbonates, to act on one another at a high tempera-
ture. A more exact description of what takes place here will be given
later under the metals.

For the liberation of hydrocyanic acid from its salts, a strong acid

is not required, for hydrocyanic acid stands at the outermost limit of

the weak acids. The aqueous solution scarcely exhibits an acid re-

action, and dissolved metallic cyanides can be decomposed even by
such weak acids as carbonic acid. In consequence of this the metallic

cyanides, when exposed to the air (containing carbonic acid), smell of

hydrocyanic acid, and the aqueous solutions are partially dissociated

hydrolytically and react alkaline (p. 275).

In the pure state, hydrocyanic acid is a colourless liquid which

boils at 27 and solidifies at -15. It is a highly poisonous com-

pound, which even in small amounts quickly acts fatally. The cause

of its poisonous action is probably due to its being a retarding catalyst

for many physiologically important processes, especially those^of
oxidation in the organism.

Hydrocyanic acid can be detected even in small quantities by its

smell, which recalls that of bitter almonds. The reason of this is that

in bitter almonds a substance, amygdalin, is present which decomposes
under the influence of a catalyst or enzyme, which is also present in

other cells, into hydrocyanic acid, sugar, and a volatile oil oil of

bitter almonds. Crushed bitter almonds, therefore, smell of hydro-

cyanic acid when, owing to the destruction of the cells, these two

substances, amygdalin and the enzyme, come together.

Whereas the aqueous solution of hydrocyanic acid contains exceed-

ingly few ions, the soluble metallic compounds, which, in a correspond-

ing manner to the chlorides, are obtained by the action of hydrocyanic
acid on the oxides or hydroxides of the metals, are normally dissociated

into their ions. Thus, the solution of one of the best-known metallic

cyanides, potassium cyanide, KCN, contains the ions K' and CN'.

The ion CN' has a great resemblance to the ions of the halogens ;
with

argention, for example, it gives a sparingly soluble compound, which
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is deposited as a white precipitate, very similar to silver chloride, when

cyanidion and argention (e.g. from potassium cyanide and silver nitrate)

are brought together in solution.

For the purpose of detecting cyanogen compounds, use is made of

various very sensitive reactions, which may be shortly mentioned here,

although the theory of them cannot be given till later (Chap. XXX.).
The liquid to be investigated, after being made alkaline by addition of

caustic soda or potash, is warmed with a mixture of ferrous and ferric

salts, and hydrochloric acid then added. If cyanidion was present, a

dark-blue precipitate is obtained, or, in the case of very small quanti-

ties, a blue or green-blue coloration. The blue iron compound is hereby
formed which has given the name to the whole group.

Or, the liquid, with addition of yellow ammonium sulphide, is

evaporated to dryness, the residue dissolved in a drop of water, and
ferric chloride added. If cyanidion was present, a blood-red coloration

is produced. This depends on the formation of thiocyananion by
means of the sulphur from the ammonium sulphide, and this gives the

above reaction with ferric chloride. A knowledge of this test is of

practical importance by reason of the not infrequent cases of poisoning
with prussic acid, or with cyanides.

433. Relation of the Cyanogen Compounds to the Ammonia
Derivatives of the Carbon Compounds. When hydrocyanic acid

is mixed with strong hydrochloric acid, a reaction takes place, and
ammonium chloride and formic acid are produced. The reaction can

be looked upon as essentially a taking up of water : hydrocyanic acid

and water yield formic acid and ammonia, in accordance with the

equation HCN + 2H2
=HCOOH +NH3 .

This reaction recalls the conversion of the amides into the

ammonium salts of the corresponding acids (p. 372), but it differs

from it by the fact that two moles of water are taken up instead of

one. In suitable cases, therefore, there are two stages of dehydration
of the ammonium salts : the first yields the amide, the second a com-

pound for which the general name nitrite has come into use. In the

present case we have

Ammonium formate . . ... . HCOO NH4

Amide of formic acid, or formamide -
. . . HCO NH2

Nitrile of formic acid, or hydrocyanic acid . HCN

As a matter of fact, hydrocyanic acid can be obtained from

ammonium formate by means of strongly dehydrating agents.
A similar series shows cyanogen itself to be the nitrile of oxalic

acid

Ammonium oxalate C2 4(NH4 )2

Amide of oxalic acid, or oxamide . . C2 2(NH2 )2

Nitrile of oxalic acid, or cyanogen . . C2N2

Here, also, we may pass through the series not only by dehydra-
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tion from above downwards, but also by absorption of water from

below upwards.
The further extension of these indications belongs to organic

chemistry.
434. Cyanic Acid. Of the oxyacids of cyanogen which would

correspond to the acids from hypochlorous up to perchloric acid, only
the first member is known. By analogy, this should be called hypo-

cyanous acid, since its composition is represented by the formula

HOCN
; as, however, no other oxygen compound is known, it is called

cyanic acid.

Cyanic acid is a very unstable compound. It is obtained by heating
another compound, cyanuric acid, which has the same composition
but three times the molar weight, H3 3C3N3 . From the vapour of

this substance there is deposited, in accordance with the law of the

precedence of the unstable forms, not the stable cyanuric acid, but the

unstable cyanic acid, HOCN. The condensation of this compound,
however, must be carried out at as low a temperature as possible, for,

on being gently heated, cyanic acid is converted, with strong develop-
ment of heat, sometimes with explosive violence, into more stable forms,
of which there are several. It is a colourless liquid with a strong smell,

resembling that of acetic acid.

In aqueous solution, also, cyanic acid is not stable, but is quickly
converted, by absorption of water, into acid ammonium carbonate.

This process is represented by the following equation : HOCN + 2H2
=

(NH4)HC03 . For this reason, a solution of a cyanate on being acidified

effervesces and evolves carbon dioxide as if a carbonate were present.
After the reaction, an ammonium salt is present in the solution.

Although cyanic acid is very unstable, i.e. cyananion, CNO', cannot

exist along with hydrion in equilibrium, the salts of cyananion, the

cyanates, are mostly very stable compounds. They are formed, for

example, with great readiness by exposing the cyanides to the action of

oxidising agents. On this account, fused potassium cyanide is a powerful

reducing agent, which withdraws the oxygen from various metallic oxides

and converts them into metals. This reduction can be shown with

especial ease in the case of lead oxide and bismuth oxide
; under the

liquid salt, the metals fuse together into drops which look bright like

mercury. The same reaction is made use of for obtaining cyanates,

especially potassium cyanate, from the corresponding cyanides ;
as

oxide, pyrolusite (p. 99) is mostly employed.
A specially interesting reaction of cyanic acid is the transformation

which its ammonium salt undergoes, and which led to the synthesis of

urea (p. 422).

Ammonium cyanate has the formula NH4OCN, and contains the

same elements in the same proportions as urea, for both have the total

formula CH4N20. If, however, it is attempted to prepare ammonium
cyanate, urea is obtained in its place. In the meantime, however,
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it has been shown that true ammonium cyanate possessing the expected

properties of this substance exists
;
but it is very unstable, and rapidly

undergoes transformation into the isomeric compound urea.

This reaction takes (place so soon as the ions OCN' and NH4

'

come

together in aqueous solution. On mixing any cyanate, e.g. potassium

cyanate, and an ammonium salt, e.g. ammonium sulphate, in aqueous
solution and evaporating the solution, a residue of potassium sulphate
and urea is obtained, which can be readily separated by means of

alcohol.

Conversely, a small amount of ammonium cyanate is formed in

an aqueous solution of urea, especially on heating, so that a chemical

equilibrium is established between the two isomeric substances as a

result of their mutual convertibility.

435. Thiocyanogen. If potassium cyanide or other cyanide is

fused with sulphur or a sulphur compound, or even if a solution of

one of these salts is heated with sulphur, the latter is taken up and
a solution of salt is obtained of the composition MSCN

;
in the case

of potassium, therefore, KSCN. This compound, which gives a very

pronounced blood-red or brown-red coloration with ferric salts, is

called potassium ihiocyanate ;
it is the potassium salt of thiocyananion,

SON'.

The composition of these compounds is similar to that of the cyanic
acid compounds, only that sulphur is present in the place of oxygen.

Thiocyanic acid is distinguished from cyanic acid by its much greater

stability.

From the barium salt, by precipitation with sulphuric acid (p. 318),

an aqueous solution of thiocyanic acid can be obtained
;

this is a very
acid liquid whose acid properties are not greatly inferior to those of

hydrochloric acid. In the free state, thiocyanic acid is unknown ;
on

attempting to prepare it, a rather complex decomposition occurs in

which carbon oxysulphide, COS, is formed (p. 442). The formation

of this latter compound takes place directly by splitting off ammonia
with the aid of water, a reaction which can be represented by the equa^
tion HSCN +H2

= COS +NH3 . The decomposition occurs on heating

potassium thiocyanate with a medium strong solution of sulphuric
acid.

With regard to its similarity to the halogens, thiocyananion, SON',
is quite analogous to cyananion ; it, also, gives with argention a white

precipitate, which, in its external appearance, cannot be distinguished
from silver chloride or silver cyanide.

Corresponding to the gaseous cyanogen, however, no thiocyanogen
is known. There are substances, it is true, which have the composi-
tion SCN, but these are certainly polymeric compounds of the formula

(SCN)n ,
where n is a number probably greater than 3. They belong,

therefore, to quite a different group of substances, which are generally
treated in organic chemistry.
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SILICON

436. General, Silicon stands to carbon in the same relation as sulphur
to oxygen. The two elements are similar in many respects, but differ

more from one another than, for example, chlorine, bromine, and
iodine do.

Silicon, like carbon, occurs in several forms, of which an amorphous
and a crystalline form are accurately known. Amorphous silicon is

obtained by conducting its chlorine or fluorine compound over heated

potassium ;
the metal unites with the halogen, and the silicon is set

free. The soluble potassium salt formed is removed by washing with

water, and the silicon is left behind as a greenish-brown powder. This

is amorphous, and has the tendency to pass into the colloidal state
; if,

therefore, the washing is continued to a certain point, the silicon goes
into a sludge and begins to pass through the filter.

Amorphous silicon is more easily obtained by heating its oxygen

compound, finely powdered quartz, with magnesium powder. The

magnesium combines with the oxygen of the silicon dioxide, forming

magnesium oxide, and the silicon is liberated. The latter can be

obtained pure by extracting the product with dilute acid, in which the

magnesium oxide but not the silicon dissolves.

At a high temperature, silicon melts
; and on solidifying, crystalline

silicon is formed as a grey mass with a metallic lustre. The crystallisa-

tion is greatly facilitated by the addition of a metal such as zinc
;

the

zinc can be removed by treating the product with dilute acids.

Amorphous silicon can be set on fire in the air, but its combustion

is very incomplete, because the non-volatile silicon dioxide formed

prevents further combustion. Crystalline silicon does not noticeably

change in the air even at a red heat. Silicon is soluble in caustic soda

on heating, the silicon thereby taking up oxygen from the water and

passing into an acid, silicic acid, or rather into its sodium salt. The

hydrogen of the water escapes as a gas.
The combining weight of silicon has been determined by the analysis

of its halogen compounds, and has the value Si = 28-3.

447
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437. Silicon Dioxide. By far the most important compound of

silicon is silicon dioxide or the anhydride of silicic acid. It has the

formula Si02 ,
or a multiple of this, and occurs in enormous quantities

in nature both in the free state and as salts. The largest part of the

earth's surface is composed of silicon dioxide, or of its compounds ;

over a quarter of the solid crust of the earth is formed by silicon.

Silicon dioxide occurs in several varieties, two crystalline and one

amorphous. It is most widely distributed in the crystalline form as

quartz, rock crystal, amethyst, smoky quartz. These and various

other minerals are, chemically, the same substance, and appear to be

different only by reason of the impurities to which the difference in

colour is due.

The purest form is rock crystal, which crystallises- in six-sided prisms
and is colourless. The crystals possess the property of rotating the

plane of polarised light when this is passed

through parallel to the axis of the prism. In

some crystals the rotation is to the right, in

others to the left, and the sense of the rotation

is closely related to a one-sided crystallographic

formation, by means of which right and left

crystals can also be distinguished. The differ-

FIG. in. ence ig seen m tne hemihedraJ faces (Fig. Ill) ;

a right and a left crystal can no more be super-

posed on one another than can a right and a left-hand glove.
While rock crystal is clear as water, smoky topaz, or, better, smoky

quartz, is brown to black, amethyst violet, ordinary quartz whitish and
turbid. There are also yellow, rose-red, and other coloured varieties.

Quartz forms a constituent of many rocks, especially of granite,

gneiss, etc. By the action of water and carbonic acid, these rocks are

disintegrated as well as partially changed chemically (vide infra), and
the quartz grains are left detached. These are borne away and broken

up by the rivers, and finally reach the sea in the form of quartz sand.

On the sea-bottom the sand particles frequently become united again

by means of a binding material (limestone or iron oxide) to solid masses
;

sandstone, which forms extensive mountain ranges and consists of

quartz grains, has been so formed.

Quartz has the density 2-66, and a hardness 7, i.e. it represents the

third hardest grade after the diamond. Quartz is used, therefore, for

grinding metal (grindstones and whetstones) and glass.
Another crystalline form of silicon dioxide is called tridymite. It

occurs almost solely in microscopic crystals as a constituent of rocks,
and is less dense than quartz (2-3 as compared with 2-66).

Amorphous silicon dioxide occurs as a mineral in various rocks.

The most widespread and best-known form is flint, which forms rounded
masses in chalk, and is coloured by organic substances, yellow, brown,
or black. It is but slightly inferior to quartz in hardness, and by reason
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of its conchoidal fracture sharp edges can easily be formed on it. In

prehistoric times, when the methods of obtaining and working metals

were unknown, this mineral was used for making knives, axes, and
arrow heads. It is the stqne which was chiefly employed in the

"
Stone

Age."
Another form of amorphous silicon dioxide is opal. Chalcedony,

jasper, etc., which were formerly regarded as amorphous, are
"
crypto-

crystalline," i.e. are composed of very small crystals. Kieselguhr

(diatomaceous earth) is a fine powder consisting of the shells of dead

organisms (diatoms, etc.). In chemical operations, silicon dioxide is

usually obtained amorphous, and it is not very easy to cause it to

crystallise ; nevertheless, both crystalline forms have already been

artificially prepared.
The amorphous varieties readily dissolve in boiling caustic soda,

with formation of salts, but the crystalline forms are scarcely attacked.

The melting point of silicon dioxide is so high that the latter does

not melt in the ordinary fire, but does so in the oxyhydrogen flame.

It then forms a viscous liquid which looks like fused glass, and can

be blown. In recent years vessels have been made of this amorphous"
quartz glass." On account of their small coefficient of expansion

with heat, they can be subjected to sudden changes of temperature
without cracking ; they are also very resistant to chemical action.

438. Silicic Acid. Silicon, dioxide is the anhydride of an acid,

silicic acid, or rather of a whole series of acids which can be com-

pounded of the elements of silicon dioxide and water. The relations

are similar to those obtaining in the case of the phosphoric acids, only
more diverse.

As extreme member of the series of the different silicic acids, there

may be regarded the tetrabasic orthosilicic acid, Si(OH)4 ;
Si02 +

2H
2

= Si(OH)4 . It is not known in the pure state, but in the form

of its salts.

By loss of water, it passes into the dibasic acid SiO(OH)2 ,
the com-

position of which corresponds to that of carbonic acid.

Other silicic acids are formed by the union of several combining

weights of the ortho-acid with loss of water. From 2Si(OH)4 there

are formed Si2 7
H

6, SigOgH^, SiaOgHg. In a similar manner, corre-

sponding
"
pyro-acids

"
can be derived from several combining weights

of silicic acid.

Unlike the phosphoric acids, the different silicic acids cannot be

distinguished from one another by any reactions ;
that these different

types exist can be concluded only from the existence of the corre-

sponding salts which occur naturally in the crystalline form.

These salts of silicic acid or silicates are all practically insoluble

in water, with the exception of the silicates of the alkali metals, which

can be dissolved, and whose solutions bear the name of water glass.

These salts are readily obtained by fusing quartz with the hydroxides
2G
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or carbonates of the alkali metals. From these solutions, the silicic

acid can be set free by other acids.

If the mixing of an alkaline silicate with acid, e.g. hydrochloric

acid, be carried out in concentrated solution, the silicic acid separates
out in friable, gelatinous masses. If, however, dilute solutions are

employed and an excess of acid, no precipitation is obtained, but the

solution remains clear and apparently unchanged. This looks as if

the silicic acid were sparingly soluble, so that it is partially preci-

pitated from concentrated solutions while it remains dissolved in much
water. This is, however, not the case

;
the solution of silicic acid

which is formed is no true solution, but the silicic acid is present in the

colloidal state.

This is seen when the liquid is subjected to dialysis, i.e. when it

is placed in a vessel whose walls are formed entirely or partially of

parchment paper or of bladder, and the vessel placed in pure water.

The salt which is formed and the excess of acid then pass by diffusion

freely through the membrane, while the silicic acid, like all colloidal

substances, is retained. If the experiment is continued for a number
of days with frequent renewal of the water, all the salts, as far as can

be detected, will finally diffuse away, and the solution in the dialyser
will contain only silicic acid.

This silicic acid shows the characteristic properties of
"

colloidal

solutions" or
"
pseudo- solutions." On evaporating to dryness no

crystals are formed, but there is left an amorphous, glassy mass which

only incompletely redissolves in water. Boiling and freezing point
differ only exceedingly slightly from those of water ; special chemical

reactions cannot be detected. By addition of various substances,

especially of salts, the liquid solidifies to a jelly, especially if it has been

somewhat concentrated by evaporation in the cold.

In nature silicic acid occurs very often in such a form. It gets
into the natural waters from the silicates when these are decomposed

by carbonic acid. Under suitable conditions, the silicic acid crystal-
lises from such solutions ; smoky quartz, especially, has probably been

formed in this way. For, since it owes its coloration to organic sub-

stances which are destroyed by ignition, it must have been formed at

a low temperature, and, during the period of its existence, can never

have been subjected to a red heat. The way in which it occurs, also,

makes its formation from solutions probable.
Silicic acid, or quartz, is extensively applied in the arts. Sand-

stone is a greatly valued building material, because of its being easily

worked and resistant ; quartz sand is used as an addition to mortar

and for grinding. By fusing quartz with the carbonates of the alkali

and alkaline earth metals, amorphous, transparent masses are obtained,

which, as glass, find very manifold application. Colourless rock crystal
is used as a cheap ornamental stone, and also, on account of its rotating
the plane of polarised light and of its transparency for light of all wave-
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lengths, in the construction of optical instruments. For spectacle

glasses, also, quartz is used, since, on account of its great hardness,

it loses the polish less easily than glass lenses.

439. Geological Reactions. Of all chemical processes occurring
on the earth's surface, the interaction of the naturally occurring silicates

with water and carbonic acid is the one which, quantitatively, stands

pre-eminent. The primitive rocks of the earth were essentially silicates
;

the carbon, in all probability, was present as carbonic acid. This

corresponds to the equilibrium at comparatively high temperatures,
which must be assumed to have prevailed originally on the earth.

At lower temperatures the equilibrium changes in such a way that

carbonic acid displaces silicic acid from its salts. In other words, a

system consisting of carbonates and free silicic acid, or silicon dioxide,

is, at lower temperatures, more stable than the system carbon dioxide

and silicate. For this reason, the silicates of the various primitive
rocks are subjected to uninterrupted chemical change, to which is

added a mechanical disintegration by the action of water, of changing

temperature, and of the wind. The consequence of this is that the

silicates which are decomposable under these circumstances are trans-

formed, the non-decomposable are disintegrated, and carbonates are

formed from the constituents of the transformed rocks.

The silicates of the alkali metals, especially, undergo this decom-

position. These, it is true, do not occur in the free state in nature,

but only as double silicates combined with the silicates of other metals.

They become thereby more stable, but still not absolutely resistant,

and are therefore decomposed.
The ions of the alkali metals pass into the waters as soluble car-

bonates, and are partially retained in the soil by absorption. This

retention is specially great in cultivated soil, where it is conditioned,

partially at least, by the presence of organic substances. Another

portion passes on into the sea. This is also the destination of the

alkaline earth metals, which are there deposited chiefly as carbonates.

Of the dissolved silicic acid, a considerable portion also reaches

the sea, and is there utilised by various animals for building up their

skeletons. Another portion forms hydrated magnesium silicate with

the magnesium of the rocks. This is a compound which, under certain

circumstances, resists the action of water, and which is therefore formed

when its constituents come together. The conversion of the original

rocks into serpentine or steatite, as the hydrated silicate of magnesium
is called in mineralogy, can constantly be recognised at various points.

Of the other metals which occur abundantly on the earth's surface,

aluminium also is capable of remaining in combination with silicic

acid, even under the existing conditions. Aluminium silicate is a very

widely distributed constituent of the primitive rocks. In the decom-

position by water and carbonic acid, or
"
weathering," aluminium

silicate is not decomposed, but remains as an amorphous or crypto-
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crystalline residue when the other constituents have been dissolved.

The very finely divided mass is carried by the rivers to the sea if it

has not previously been deposited at comparatively quiet spots as clay,

potter's earth, or loam. On the sea bottom the deposited clay slowly
hardens into slate and similar secondary rocks. 1

By means of these various transformations, a one-sided change
takes place in the composition of the earth's crust, the tendency of

which is to increase more and more the amount of carbon in the form

of calcium and magnesium carbonate, while the silicic acid which

before had formed salts with these metals is separated in the free state.

By this process the amount of carbon dioxide in the air must also

slowly become less. By the combustion of fossil fuel, it is true, a

certain amount of the carbon which had been long removed from the

air is again given back to it, and in isolated localities, where volcanic

activity occurs at a comparatively small depth below the surface of

the earth, the carbonates formed in the wet way also appear to undergo

decomposition as a consequence of the rise of temperature, as is in-

dicated by the streaming forth of carbonic acid at the places mentioned.

Still these amounts of carbon, which are again put into circulation,

are probably much less than the amounts which, in the form of car-

bonates, are withdrawn from circulation.

If we consider, now, that all organisms must have recourse to

carbon for the building up of their bodies, we see that the slow diminu-

tion of the amount of floating carbon-capital which is taking place
on the surface of the earth must exercise a great influence on the mould-

ing of life. It can be regarded as highly probable that the essentially

different state of affairs which, as may be concluded from the investiga-
tions of the geologists, prevailed in former periods, was due to the

influence of the larger amounts of carbon dioxide then present in the

air, and that in the future, also, organic life will undergo variation in

such a sense that the continued diminution will be met in a suitable

manner.

440. Halogen Compounds of Silicon. When a mixture of

silicon dioxide and charcoal is strongly heated in a current of dry chlorine

decomposition takes place, and there is obtained, besides carbon mon-

oxide, a volatile substance which analysis and vapour density show
to have the composition SiCl4 . The reaction, therefore, takes place in

accordance with the equation Si02 + 2C + 2C12
= SiCl4 + 2CO.

Whereas neither carbon nor chlorine alone can decompose silicon

dioxide, the decomposition can be effected when both substances act

together. The reason of this is that by the simultaneous action of the

two substances, products are formed which are much more stable, or

contain much less free energy, than when the substances act separately.

1 Under conditions existing in the tropics, a decomposition of the aluminium silicates

often takes place, so that the silicic acid is removed and aluminium hydroxide remains
behind.



xx SILICON 453

For chlorine alone would yield free oxygen along with silicon chloride ;

charcoal alone, free silicon along with carbon monoxide ; whereas,

when they act together, the formation of substances with a large amount
of energy, such as oxygen and silicon, is avoided. Of the principle which

forms the basis of this reaction, use is frequently made.

Silicon chloride can also be obtained by the action of chlorine

on amorphous silicon. It is a colourless liquid which boils at 59

and has the density 1-5. In moist air it fumes strongly, since it is

very readily decomposed by water to hydrogen chloride and silicic

acid: SiCl4 + 4H2
= Si(OH)4 + 4HC1. This reaction shows it to be

the chloride of silicic acid.

If silicon is heated not in a current of chlorine but in one of hydrogen

chloride, the latter is decomposed and a chlorine compound of silicon,

which also contains hydrogen and has the composition SiHCl3,
is

formed. On account of the similarity of this formula to that of chloro-

form (p. 429), the substance has been called silico-chloroform. It

is a colourless liquid which looks like silicon chloride, and, like this,

is also decomposed by water
;

it boils, however, somewhat lower, viz.

at 36.

Corresponding to these chlorine compounds, there are also bromine

and iodine compounds which have an analogous composition, and which,

in accordance with the general rule, have higher boiling points than

the chlorine compounds, but which otherwise behave quite similarly

and are obtained in a similar manner. Silicon iodide is a solid at the

ordinary temperature, and passes into a liquid only at 120.

441. Silicon Hydride. A compound of the composition SiH4 is

obtained, mixed with much hydrogen, when magnesium containing
silicon is dissolved in hydrochloric acid. Since it can be liquefied

much more easily than hydrogen, it can be obtained pure by cooling

sufficiently strongly. It possesses the property of igniting spontane-

ously in the air, and owing to the formation of smoke rings of silicon

dioxide, it gives rise to phenomena which are quite similar to those

which are seen in the case of hydrogen phosphide. Its behaviour,

also, with respect to the dependence of the spontaneous ignition on

the density, appears to be similar to that of hydrogen phosphide.

Whereas, therefore, in respect of the formula, silicon hydride and

methane (p. 427) are to be regarded as similar compounds, they exhibit

very great differences in their chemical properties. Similar differences

are also found in the case of many other compounds of carbon and

silicon of analogous composition.
A hydrogen compound of silicon, Si2H6 , analogous to ethane (p. 432),

is also known. It is a colourless liquid which boils at 52 and freezes

at - 1-4. It also takes fire spontaneously in the air.

442. Silicon Fluoride. With fluorine also, silicon combines,

yielding a compound of analogous composition, SiF4 ,
which at the

ordinary temperature is a gas. This compound is
1

very easily obtained
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by allowing hydrogen fluoride to act on silicon dioxide. Since it is

decomposed by water, dehydrating agents must be added to destroy
the action of the water which is formed in the process. This is most

simply accomplished by treating a mixture of silicon dioxide and a

saline fluorine compound (e.g. fluor-spar or calcium fluoride) with an

excess of concentrated sulphuric acid. In place of silicon dioxide any
silicate can be taken, since the hydrogen fluoride which is formed acts

in the same way on all silicates.

This reaction is of great importance analytically, since it gives
us the means of bringing into solution, and thereby making accessible

to analysis, the natural and artificial silicates, which otherwise show

great resistance to chemical actions. For this purpose the silicates are

covered with strong hydrofluoric acid and evaporated at a gentle heat.

In this process a platinum dish must be used, as vessels of other material

are attacked. The silicon fluoride passes off in proportion as it is

formed, and the metals present are obtained as fluorides. Since these

would give bother in the further analysis, the evaporation is completed
with the addition of sulphuric acid, the fluorides thereby passing into

sulphates.
Silicon fluoride is a gas at the ordinary temperature, and passes,

under the influence of pressure and cold, into a liquid which boils at

about -100.
In contact with water, silicon fluoride also undergoes change ;

this

however, follows a somewhat different course from that in the case of

the other halogen compounds. Instead of simply yielding hydrogen
fluoride and silicic acid, an intermediate product, hydrofluosilicic acid,

is formed according to the equation 3SiF4 + 4H2
= 2H2SiF6 + Si(OH)4 .

Whereas the silicic acid separates out, the hydrofluosilicic acid

dissolves in water and imparts to it an acid reaction. Where it is

desired to obtain the latter, it is expedient to add so much hydro-
fluoric acid to the liquid that the silicic acid which separates out mostly

passes into solution again

Si(OH)4 + 6HF =H2SiF6 + 4H20.

The yield of acid is thereby increased and the troublesome nitration

avoided.

Since the silicic acid which is formed would spon stop up the delivery

tube, it is necessary either to use an inverted funnel, through which

the gas is allowed to pass into the water, or the delivery tube is made
to open under the surface of a layer of mercury placed at the bottom
of the vessel of water (Fig. 112).

Hydrofluosilicic acid is known only in aqueous solution. On

evaporating such a solution, the acid passes off entirely ; and if the

evaporation is carried out in a vessel of glass or of porcelain, an etched

spot is produced. This is due to the fact that the hydrofluosilicic

acid decomposes into silicon fluoride and hydrofluoric acid in pro-
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portion as the solution loses water
;

the former escapes as a gas, and
the hydrofluoric acid exerts its usual etching action. While, therefore,
a solution of hydrofluosilicic acid does not itself attack glass, it does so

if it is evaporated.
On these chemical processes depends the etching of glass, which

serves not only for the ornamentation of objects of daily use, but is

still more important in the manufacture of scientific apparatus. If a

glass surface is coated with wax, resin, or other substance capable of

withstanding the action of hydrofluoric acid for some time, and this

coating is then removed where necessary, the surface of the glass, on sub-

sequent treatment with hydrofluoric acid, is attacked at all those parts
which are uncovered, while the protected parts retain their polish.

For example, in order to graduate a burette (p. 214), a suitable

tube, on which the desired volume has been measured off, is coated

Fio. 112.

with melted wax and the necessary strokes made in this coating by
means of the dividing engine. After marking the figures also, concen-

trated hydrofluoric acid is brushed into the marks and again washed
off after a few minutes. If the wax is then removed, the marks are

found as hollowed lines in the glass, because the hydrofluoric acid

dissolves a part of the glass wherever it comes into contact with it.

The etching can be performed more cheaply, but not so conveniently,

by first preparing hydrofluoric acid from a mixture of fluor-spar and

sulphuric acid. The object is then placed over the mixture and the

etching effected by means of the vapours of the acid which are evolved.

This requires a considerably longer time, the length of which depends
on the temperature.

The etching produced by the vapours is dull, while that effected

by a solution of the acid is dear. This is due to the fact that in the

first case only the gaseous silicon fluoride escapes, and the other con-

stituents of the glass are left behind, while in the second case the glass
is completely converted into soluble substances at the parts attacked.
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If to the aqueous acid substances are added which produce a precipitate
on the glass, especially the alkali salts of hydrofluoric acid, a dull

etching can also be obtained with the solution^of the acid.

Hydrofluosilicic acid is a dibasic acid which forms many sparingly
soluble salts. Thus the salts of the alkali metals, more especially, are

almost insoluble in water, and barium silicofluoride is so to such a degree
that it is used for the separation of barium in analysis. The acid is

stable in acid solution
; by excess of alkali it is, however, decomposed

with formation of a silicate and a fluoride. To this is due the peculiar
behaviour in the titration of this acid with alkali, e.g. with caustic

soda. If this base is added to a solution of hydrofluosilicic acid coloured

with litmus, a blue coloration, certainly, is produced when an amount
of the alkali has been added corresponding to the hydrogen of the acid.

After a few minutes, however, this colour again passes into red, and
twice as much soda can still be added before the solution remains

permanently blue. This is due to the occurrence of the following
reaction :

H
2SiF6 + GNaOH= 6NaF + Si(OH)4 + 2H2 ;

or SiF
6

"
+ 40H' = Si(OH)4 + 6F'.

Sodium fluoride and silicic acid are formed. Since the latter does not
act on litmus the blue coloration occurs when 6NaF are formed.

On this behaviour of the salts of hydrofluosilicic acid an analytical
method for the determination of the alkali metals can be based, since

these form sparingly soluble silicofluorides, which experience the above

decomposition.
443. Carborundum. Of the other compounds of silicon we shall

still mention, on account of its technical importance, silicon carbide or

carbon silicide. This is a greenish or black-coloured mass obtained by
allowing carbon to act on silicon dioxide at the very high temperature
of the electric furnace : Si02 + 30 = SiC + 2CO. The compound is

distinguished by its very considerable hardness, and is therefore used
in the arts as a grinding material. In chemical respects it is very
resistant, since it is scarcely combustible, the silicon dioxide which is

formed covering the surface with a coating which is impermeable for

oxygen. It is slowly attacked when fused with caustic soda with

access of air, sodium carbonate and silicate being formed.

Technically, the substance is called carborundum. Other mixtures

prepared in a similar manner, but containing more carbon, are used
for the manufacture of crucibles and for fire-resisting stones.



CHAPTER XXI

BORON

444. General. Among the non-metallic elements, boron occupies a

rather isolated position, since the elements most nearly related to it

must be sought for among the metals, namely, among the earth metals.

On account of the properties of the free element and of those of the

compounds, it is, however, not expedient to give boron a place among
the metals. It may best be classed along with silicon, from which
it differs, however, in its typical compounds having a different com-

position.

Boron is a solid substance which is capable of existing in several

different forms, one amorphous and at least one crystalline. Amorphous
boron is obtained by passing the vapours of the chlorine compound
over heated sodium, or, quite similarly to silicon, by igniting the oxygen
compound with magnesium. After the removal of the admixtures,
it forms a black powder of the density 2-5, which in many respects
behaves similarly to charcoal, but is more easily oxidised ;

this occurs

more especially by means of strongly oxidising solutions even at the

room temperature.

By the fusion of boron trioxide (vide infra) with aluminium, crystal-
lised boron is obtained, which, on account of its hardness, has been

called
"
adamantine boron." It is not obtained quite pure in this way,

but contains aluminium derived from its preparation. Since this

metal is the element most nearly related to boron, the product is not
to be looked upon as a compound, but as a homogeneous mixture, a
"

solid solution
"

(possibly with a diamond-like form of aluminium

isomorphous with boron, and not known by itself).

Boron containing carbon, and obtained from the two elements at

a very high temperature, is of a similar character, and also possesses
an adamantine hardness. This also ought most probably to be regarded
as a solid solution, and not as a chemical compound.

The two forms probably stand to one another in the relation that

amorphous boron is unstable with respect to the crystalline, as white

phosphorus is with respect to red. In this case, however, the velocity

457



458 PRINCIPLES OF INORGANIC CHEMISTRY CHAP.

of transformation at temperatures below a red heat is apparently

immeasurably small.

The combining weight of boron is B = ll-0.

445. Boric Acid. Of the compounds of boron, the most im-

portant are boron trioxide, B2 3 ,
and the corresponding boric acid, which

is formed from the trioxide by taking up the elements of water. The

limiting compound which, on analogy with orthophosphoric acid, may
be called orthoboric acid, is represented by the formula B(OH)3 . Although
it is known in the free state, salts of the acid are not known with

certainty. On the contrary, all known salts are derived from
"
con-

densed
"

acids.

In nature, boric acid occurs as sassoline in lustrous, generally some-

what yellowish-coloured scales, which have a soft and smooth feeling

and are soluble in water. Hot water dissolves a large quantity, cold

water comparatively little. The crude boric acid can, therefore, be

easily purified by recrystallisation. The purification is still more

successfully effected by converting the boric acid into its sodium salt.

borax, and decomposing this, after recrystallisation, in concentrated

solution with an acid, e.g. hydrochloric acid. The boric acid then

crystallises out as white scales.

Boric acid is a very weak acid, whose salts, on being dissolved in

water, are hydrolytically dissociated. The aqueous solution of the

acid has a scarcely acid reaction, and conducts electricity only slightly

better than pure water. Further, it cannot be titrated with caustic

soda, since the alkaline reaction is gradually produced without a definite

relation between acid and base being observed.

On being heated, boric acid loses water and passes into boron

trioxide : 2H3B03
= B

2 3 + 3H2
0. The anhydride formed melts to a

glass-like mass, which is viscous and can be drawn into long threads.

The fused substance dissolves various oxides of metals, and can, there-

fore, be used in soldering ; for this purpose, however, the more readily

fusible alkali salts of boric acid are employed.
Boric acid has fairly strong antiseptic action, and is therefore used

in medicine and for pickling meat.

A very remarkable property of boric acid is that it is fairly readily

volatile with steam, while its anhydride is highly resistant to heat.

As a comparison with the other anhydrides, e.g. that of sulphuric acid,

shows, this behaviour is unusual, for in by far the greater number
of cases the anhydrides are much more readily volatile than the

hydrates.
On this volatility of boric acid with steam depends the method of

obtaining it. In the volcanic districts of Tuscany, vapours containing
boric acid issue from the earth. By first passing these vapours into

water and evaporating this water at a lower temperature, crystallised

boric acid is obtained. It has been found that boric acid is compara-

tively less volatile the more concentrated its solutions are.



XXI BORON 459

With the vapour of alcohol, boric acid is still more readily volatile.

In this case it is the formation of a compound, an ester (p. 431), which

effects the volatilisation. If the alcohol is set on fire, the flame is

coloured green by the volatile ester of boric acid. This phenomenon
can be used for the detection of boric acid ;

if this is in the form of a

salt, it is only necessary to rub it up with sulphuric acid and to pour
alcohol over the mixture, in order to obtain the reaction.

As in the case of phosphoric and silicic acids, there exist also in

the case of boric acid various
"
condensed

"
acids, which are derived

from orthoboric acid, B(OH)3 , by the loss of the elements of water.

From orthoboric acid only the monobasic
"
metaboric acid

"
can be

directly formed in this way ;
much greater diversity, however, is

produced when several combining weights of boric acid together lose

the elements of water. Of the many such forms possible, we shall

mention only one, the dibasic tetraboric acid H2
B4 7 ,

the formation

of which is represented by the equation 4B(OH)3 -5H2
=H

2
B4 7

.

This is the acid of the best-known of all soluble borates, viz. borax,

Na2
B4 7

.

The boric acids, like the silicic acids, form soluble salts with the

alkali metals, whereas all other metals yield sparingly soluble salts.

When heated, the borates fuse to glass-like masses
;
in this state they

dissolve the oxides of the heavy metals, which then often exhibit

characteristic colours. These phenomena serve for the detection of

such metals in analysis. Borates are also added to glass and enamel

in order to impart to these particular properties, e.g. fusibility, small

expansion with heat, and low power of refraction of light.

446. Other Compounds of Boron. On heating amorphous
boron, or a mixture of boron trioxide and charcoal, in a current of

chlorine, there is obtained, as in the case of silicon, a readily volatile

chlorine compound which condenses in the strongly cooled receiver to

a liquid. In the pure state this is colourless, boils at 17, and fumes

strongly in moist air, since it undergoes decomposition with water to

boric and hydrochloric acids: BC13 + 3H2
=H3B03 + 3HC1. From

the vapour density, the molar weight of this compound is found to be

117, so that three combining weights of chlorine are contained in it.

This is the reason why the combining weight of boron was not so chosen

that its compounds could be formulated in accordance with those of

silicon, which they resemble also in other respects. Similar reasons

are furnished by the other halogen compounds of boron, which will

presently be mentioned.

Boron trichloride can be regarded as the chloride of orthoboric

acid, the three hydroxyls of which are replaced by chlorine. It may,
therefore, be presumed that it is formed by the general method of

preparation of the acid chlorides, by the action of phosphorus penta-

chloride on the acid. This is, as a matter of fact, the case, the reaction

B(OH)3 + 3PC15 = BC13 + 3POC13 + 3HC1 being possible.
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With bromine boron forms a tribromide, which is quite similar to

the chloride.

Boron trifluoride is obtained as a colourless gas, which fumes strongly
in the air and is quite similar to silicon fluoride, by warming boron

trioxide with fluor-spar and concentrated sulphuric acid. In water it

dissolves with great rise of temperature and separation of boric acid ;

in the solution there remains hydrofluoboric acid, HBF4 . This, it is

true, has a different composition from hydrofluosilicic acid, but behaves

quite similarly ;
for example, it also forms sparingly soluble salts with

the alkali metals.

The reaction takes place according to the equation 4BF3 + 3H2
=

3HBF4 + B03H3 .

Hydrofluoboric acid is also obtained by adding boric acid or boron

trioxide to aqueous hydrofluoric acid ;
these are quickly dissolved with

considerable rise of temperature.
Of the other compounds of boron, boron nitride should be mentioned.

It is formed by the direct combination of boron with nitrogen, and is

generally formed in the preparation of boron if air be not excluded.

It can also be obtained by igniting boron trioxide with charcoal in a

current of nitrogen. When pure, it forms a white powder which

phosphoresces in the flame, and when heated to a moderate tempera-
ture with water vapour is decomposed to boric acid and ammonia :

BN + 3H2
= B03H3 +NH3 .



CHAPTEK XXII

ARGON, HELIUM, AND CONGENERS

447. Argon. It has already been mentioned (p. 342) that the nitrogen
obtained from the air differs from the

"
artificial," i.e. obtained from

chemical compounds, in having a somewhat greater density. This

at first puzzling phenomenon was finally explained (Rayleigh and

Ramsay, 1894) by the fact that in atmospheric nitrogen another gas
is contained which resembles nitrogen in its disinclination to form

chemical compounds, and indeed, in this respect, is considerably its

superior.

By converting the nitrogen of the air into non-gaseous compounds,
the other constituent, which has been called argon, can be obtained

pure. For this purpose there may be employed, for example, the

property of nitrogen of combining with oxygen under the influence of

the electric discharge (p. 352). The nitrogen peroxide thus formed is

absorbed by caustic soda, and by adding the necessary amount of

oxygen the reaction can be continued till all the nitrogen is used up.
The excess of oxygen can then be easily removed by means of heated

copper or phosphorus (p. 344). The same end is attained by the use

of certain metals, e.g. magnesium or lithium, which readily absorb

nitrogen at a red heat. A mixture of lime, magnesium, and some

sodium has been found very suitable. Calcium carbide (p. 556) also

when heated readily takes up nitrogen. A very plentiful source of

argon and its congeners is found in the gaseous residues obtained in the

industrial liquefaction of the air (p. 122).

The residual gas is colourless, odourless, and tasteless, and has, in

accordance with its density, the molar weight 39-88. It is, therefore,

considerably more dense than nitrogen and oxygen. In the air it

forms the 0-009 part by volume, and the 0-012 part by weight, and

the ratio of it to the other constituents of the air is not subject to any

appreciable variations.

Since the gas does not form any compounds with other elements,

no combining weight, properly speaking, can be assigned to it. On
the basis of the law of Gay-Lussac (p. 168), it may, however, be assumed
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that if it did form any compounds, these must be formed with other

gases in simple ratios by volume, and that, therefore, the normal weight

39-88, or some fraction of it, must be equal to the combining weight.
What this fraction is, however, cannot be stated a priori.

A decision here can be arrived at by means of the relation which

has been found to exist in the case of other gases between the com-

position and the capacity for heat. By capacity for heat (or specific

heat) there is understood the ratio of the heat communicated to a body
to the rise of temperature produced. This ratio is evidently all the

greater, the greater the amount of substance subjected to the experiment.
If it is referred to one mole (p. 184) of the substance, this special capacity
for heat is called the molecular heat or molar heat of the particular
substance.

If the amount of heat be measured in joules (p. 190), and the changes
of temperature, as usual, in centigrade degrees, the following are the

molecular heats of a number of gases :

Oxygen 2 21
i
Carbon dioxide C02 32

Nitrogen N 2 20 Nitrous oxide N 2O 33

Hydrogen H2 20
j

Water vapour H2 28
Nitric oxide NO 21 Phosphorous chloride PC13 68
Carbon monoxide CO 20

j

Chloroform CHC13 69

Hydrogen chloride HC1 20

The smallest values of the molecular heats are, accordingly, about

20, and are found in the case of those gases which contain two com-

bining weights in the molar weight ;
it is thereby a matter of indifference

whether the combined elements are like or different.

On determining the molecular heat of argon, however, the value

12 is obtained a value, therefore, which is much smaller than that

for any of the gases given. This leads to the presumption that argon
is still more simple in composition than those gases, i.e. that its molar

and combining weights coincide, and that the formula of gaseous argon
is given by the simple symbol A, and not A

2 .

This presumption can be tested by analogy. From the chemical

behaviour of mercury, the same conclusion has been drawn
; mercury

vapour must also have the formula Hg and not Hg2 ,
since the com-

bining weight and the molar weight have both been found equal to

200. As a matter of fact, the determination of the molecular heat

of mercury has yielded the value 13.

There is therefore sufficient reason for assuming the identity of

the molar and combining weights of argon, and for ascribing to this

element the atomic weight 39-88, whereby the formula of gaseous argon
becomes A.

For the rest, argon behaves similarly to the other gases. At - 186,
under ordinary pressure, it becomes liquid. At - 188 it solidifies.

If electric discharges are passed through rarefied argon, a spectrum
of numerous lines is obtained. According to the pressure and the
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electrical conditions, three different spectra are obtained, the light in

the tube appearing blue, red, or white.

448. Helium, Neon, Krypton, and Xenon. A considerable

time ago the name helium was given to an unknown element, the

presence of which in the sun's atmosphere had been concluded from

the occurrence of a strong and constant line in the yellow-green of the

spectrum which could not be referred to any known terrestrial element.

In his investigations on the occurrence of argon in minerals, the same

line was found by Eamsay, one of the discoverers of argon, in the gases
which are evolved on the ignition of certain minerals, e.g. cleveite, and

he established the fact that it was due to a gas similar to argon, and it

accordingly received the name helium.

Helium is found in some rare minerals which contain the element

uranium, and is obtained from these by heating. From any nitrogen
which may be present, it can be freed in the same way as was given
in the case of argon ;

from the argon which is sometimes also present,

it must be separated by diffusion through a porous clay partition.
1

Helium is a very light gas, the molar weight of which is only 3-99
;

it is, therefore, only twice as heavy as hydrogen. Its critical tempera-
ture lies accordingly very low. For the rest it shares the properties
of argon, and has, more especially, the small molecular heat 12, so that

its combining weight must be put equal to its molar weight. With
this value, He = 3- 99, helium is, next to hydrogen, the element with

the smallest atomic weight.

Further, in the residue from the evaporation of liquid atmospheric

air, still a number of other gases have been discovered, which are

characterised by their spectra and their density. They all likewise

possess the small value of the molecular heat, and in all cases, there-

fore, the molar weight has been put equal to the atomic weight. Their

names are neon (Ne = 2O2), krypton (Kr = 82-9), and xenon (X = 130-2).

Krypton boils at -151-7, xenon at -109-1. Their melting points
are - 109 and - 140 respectively. Both of them are present in the air

in exceedingly minute amounts
;

there being one part of krypton in

seven million, and" one part of xenon in forty million parts of air by
weight.

1 The separation is also effected by fractional distillation. On cooling the gases by
means of liquid air, the argon condenses and the helium remains as a gas, dissolved,

perhaps, in the liquid argon. On allowing the temperature to rise, the helium escapes
first. By repeating the liquefaction and gasification, the gases can be separated. TR.
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POTASSIUM

449. General Remarks on the Chemistry of the Metals.

Although the number of the metallic elements is much greater than

that of the non-metals, the chemistry of them is much simpler and com-

paratively less diverse. This is due to the fact that by far the largest
number and the most important of the compounds of the metals are

of a saline character. Now, we have seen generally that the properties
of the salts in aqueous solution are conditioned essentially by the

properties of the ions. If, therefore, a metal, e.g. silver, forms only
one kind of cation, the behaviour of all its salts in aqueous solution is

known, if that of this particular cation is known
;
a knowledge of the

anions, which have mostly been treated in the chemistry of the non-

metals, is hereby supposed given.
So far, then, as the behaviour in aqueous solution is concerned,

the chemistry of the metals is essentially given with the knowledge
of the metal ions. In analytical chemistry we are concerned almost

entirely with aqueous solutions, and to what we there learn it is gener-

ally sufficient to add a statement of the solubility relations of certain

sparingly soluble salts, in order to obtain the foundation of analytical

chemistry. For general chemistry, however, it is necessary to add a

knowledge of the compounds in the solid state as well as of the non-
saline or indifferent compounds which also exist in the case of the metals,

whereby greater diversity is produced.
Some variety is, however, found among the ions themselves. Many

metals form not only elementary ions with different properties, the

differences between which are connected with different valency, but

they are also capable of forming with other elements complex ions

with special properties. New groups of substances are thereby formed,
and in this direction inorganic chemistry is developing a very great

diversity, which at the present time is by no means exhausted in

many cases, indeed, its outlines are scarcely known.
In general, every anion will be able to form a salt with every cation.

By virtue of a general rule, most of the salts in dilute aqueous solution

464
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are extensively dissociated into their ions, so that the properties of
these solutions differ but little from the sum of the properties of the ions.

Where, therefore, specific properties, which do not correspond to this

rule, are met with in salt solutions, it can be concluded with certainty
that the dissociation of the salt present is small. From the com-

paratively great rarity of such exceptions, there follows, conversely,
the great generality of the rule just stated.

In the following descriptions of the different metals, therefore,

stress will be laid on the statement of the ions which can be formed
from them, and the properties essential for their characterisation will

be mentioned. In general, the methods employed for the detection

and determination of the metals will thereby be given. To this there

is added the chemistry of those solid compounds of the metals which
are in any way important enough to find mention in this elementary
work.

450. Potassium. While the knowledge of some of the potassium

compounds can be followed back almost to the most remote monu-
ments of culture, the characterisation of the potassium compounds as

derivatives of a special element was first effected towards the end of

the eighteenth century by Marggraf. On account of the preparation
of potassium carbonate from cream of tartar, which is deposited in

the barrels in the fermentation of wine, that compound received the

name of vegetable alkali, in contradistinction to mineral alkali, sodium
carbonate or soda. Although potassium hydroxide or caustic potash
could not be decomposed, it was long felt that it was no simple sub-

stance
;
but the actual proof that a metallic element formed the basis

of the potassium compounds was first given in 1807 by H. Davy,
who decomposed potassium hydroxide by an electric current derived

from a voltaic battery, which had just then been invented.

After it had been obtained in this way, the method of preparing it

by purely chemical means was soon discovered, a method which was
for long the only one employed. The most important of these re-

actions is the heating of potassium carbonate with charcoal
;

carbon

monoxide and metallic potassium are formed, the latter of which
volatilises and is condensed under rock oil: K2C03 + 2C = 2K + 3CO.

Quite recently the electrical method of preparing it has been again

adopted, since the necessary electrical energy can now be cheaply

generated in any desired amount.

Potassium is a silver-white metal which melts at 62, and which,
even at the room temperature, is so soft that it can be kneaded and

easily cut with a knife. At 720 it volatilises
;

the vapour is blue-

green in colour. The colour can be rendered visible by heating the

metal in a glass tube which is filled with a gas or vapour free from

oxygen ;
the phenomenon, however, is visible only for a moment,

since the potassium vapour quickly attacks the glass, which thereby
becomes covered with a black coating of liberated silicon.

2H
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Potassium combines with very great readiness with oxygen, so

that it decomposes almost all substances which contain that element.

In the air, therefore, under the joint action of the water vapour, it

immediately becomes tarnished, owing to the formation of a layer of

hydroxide, and its metallic lustre can be observed only immediately
after a fresh surface has been made. If it is enclosed in a tube which

is exhausted or filled with hydrogen, and then fused, the metallic

surface can thus be rendered visible and permanently preserved.
On account of this property, potassium must be kept in such a way

that oxygen has no access to it. In large quantities it is preserved in

a soldered tin
;

smaller quantities are kept under rock oil, since this

liquid does not contain oxygen. It, however, absorbs gaseous oxygen,
and the potassium kept under rock oil soon becomes covered with

a grey-brown crust which, however, only slowly becomes thicker and

protects the metal fairly well.

It is very remarkable that in dry oxygen potassium is not (i.e.

is only very slowly) oxidised, whereas the smallest amount of water

immediately produces a rapid reaction. We have already (p. 425)
met with examples of such catalytic acceleration of oxidation processes
due to the presence of water. Such behaviour, however, in spite of

its great generality, must not be regarded as universal, for instances

of oxidation processes have been proved (e.g. the combination of nitric

oxide with oxygen, p. 351) where the reaction takes place with un-

diminished velocity, even between the very carefully dried substances.

Concerning the determination of the combining weight of potassium,
the essential points have already been given under chlorine (p. 250).

It has the value K = 39-10.

451. Kalion. Potassium can form only one kind of ion, viz.

the univalent kalion, K'. With metallic potassium the formation

takes place with very great ease and energy. The chemical properties
of the metal are characterised essentially by this fact, for it reacts on

other substances in such a way that it passes into kalion, i.e. it forms

a salt. Since, further, the passage of a solid salt into a dissolved one

is in general accompanied by only a slight change of energy, it is of no
essential importance for these reactions of potassium whether a dis-

solved or a solid salt is produced.
Isolated examples of such reactions have already been mentioned

;

the method of obtaining silicon and boron from their halogen com-

pounds may be recalled. Since in these reactions the halogen com-

pounds of potassium, i.e. salts of the metal, are formed, they come
under the rule just stated.

The amount of heat which is liberated in the formation of kalion

from the metal is very great ;
it is found, in accordance with the

principles explained on p. 229, to be 250
Jcj.

If this quantity of heat is added to the heat of formation of an

anion, the sum gives the heat of formation of the salt in dilute solu-
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tion. In order to obtain, from this the heat of formation of the solid

salt, it is only necessary to subtract the heat of solution, or to add its

numerical value if solution takes place with absorption of heat, as is

chiefly the case with the salts of potassium.
The aqueous solutions containing kalion are colourless if no other

coloured compound is present, nor do they exhibit any other con-

spicuous property. For the higher animals, kalion in great concentra-

tion is a poison ;
in small quantities, however, it is an indispensable

constituent of the organism. In the vertebrate animals it is contained,

more especially, in the red blood corpuscles.
The detection of kalion in solution is accomplished by the aid of

some acids which can form sparingly soluble potassium salts. For

example, if a solution of perchloric acid be added to a solution contain-

ing kalion, there is precipitated, if the solution is not too dilute with

respect to the latter, a crystalline precipitate of sparingly soluble

potassium perchlorate. The same occurs on the addition of sodium per-
chlorate. In order correctly to understand the processes which are

here met with, we shall first put forward a few general considerations.

452. Solubility. By solubility there is understood the ratio of

the amount of dissolved substance to that of the solvent in a saturated

solution. The conceptions used here have, it is true, been already
mentioned (p. 241) ; still, when several salts are present, the relations

are rather more complicated, so that we shall consider them again

connectedly.
If a solid substance and a liquid be brought together,

1 a certain

amount of the solid substance passes into the liquid. This process
does not go on indefinitely, but tends towards a certain point ;

for

after a certain amount of the solid substance has passed into solution

the process ceases, and the solution is
"
saturated."

A point of essential importance is that saturation is defined with

respect to a definite solid substance and changes when this solid substance

changes. The different polymorphic forms of a given substance, for

example, have, therefore, different concentrations of saturation in the

same solvent. In this connection, the general rule holds, that the

solubility of the most stable form is always the smallest, and that the

less stable forms are always more soluble in proportion as they are less

stable (p. 287).

Solutions the concentration of which is smaller than that of the

saturated solution are called unsaturated
;

those with a greater con-

centration, supersaturated. Both kinds of solution are stable alone, the

unsaturated ones without limit, the supersaturated within certain

limits, which depend on the nature of the substances and on the

1 Solutions can be formed of substances in all three physical states, and can occur in

all three states, so that there can be solid, liquid, and gaseous solutions of solid, liquid,

and gaseous substances. Of these, however, the liquid solutions of solid substances are

of such superior importance that we shall, in the first instance, confine the discussion to

them.
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temperature. If, however, the unsaturated solution is brought into

contact with the solid substance, the latter passes into solution until

the concentration corresponding to saturation is established. In the

case of the supersaturated solution, the solid substance separates in

such amount that the same point is reached.

From this it follows, among other things, that a solution which
is saturated in respect of an unstable form of a polymorphic substance,
must be supersaturated in respect of the stable form of the same sub-

stance, and vice versa. Hence it follows, that when both substances

are present together under a solvent, a state of equilibrium cannot

exist, since the stable form must be deposited and the unstable be

dissolved. Equilibrium is possible only when the unstable form has

disappeared and been converted into the stable form. This is the

explanation of the accelerating influence which every solvent exercises

on such transformations.

If the degree of supersaturation is increased (e.g. by cooling down
a solution of a substance whose solubility increases with the tempera-
ture), the solution passes from the state in which it does not deposit
the substance spontaneously into that in which deposition occurs even

when the solid phase is not present. The former state is called meta-

stable, the latter unstable. The boundary between the two states is

difficult to determine, although their pronounced features are easily
demonstrated.

When small quantities of another substance are added to a saturated

solution, the equilibrium changes, in general, only slightly, i.e. the

solution remains nearly saturated.

In isolated cases there appear to be great deviations from this

rule. 'Thus it has already been mentioned (p. 257) that the solubility
of iodine in pure water is very small, but that large amounts of iodine

can be dissolved in water containing iodidion. At the same place this

was explained as being due to the fact that in the solutions produced
the iodine was not present as such, but was combined with iodidion

to form the new ion I3'. This, in turn, is partially dissociated into

ordinary iodidion I', and free iodine, I
2 ; and the latter is present in

such quantity as corresponds to the solubility in pure water.

In the case of similar phenomena, therefore, which have the char-

acter of an increase of the solubility, the conclusion may always be

drawn that the substance which has passed into solution has experi-
enced a change, whereby its actual has become smaller than its apparent
concentration.

Besides these cases of increased solubility, diminutions of the

solubility have also been observed. These are found especially in the

case of salts under quite definite conditions, and we shall now pass to

a consideration of these.

453. Behaviour of Salts. Salts also behave, in the first instance,
in accordance with the laws of solubility, although in their case the
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process of solution is a more complicated one, since they do not pass

unchanged into solutions, but dissociate partially into ions. Experiment
has, however, shown that for them also there exists a definite solubility,

and that small additions of foreign substances have, in general, no great
influence on the solubility.

An influence, however, is exerted in very considerable degree by
foreign salts which have an ion in common with the substance in question.

If, for example, a saturated solution of the sparingly soluble

potassium perchlorate (p. 246) be made, solutions of other salts, such

as sodium chloride, magnesium sulphate, etc., can be added without

any precipitation occurring. If, however, the solution of any potassium
salt, e.g. potassium chloride, or of a perchlorate, e.g. perchloric acid or

sodium perchlorate, be added, a distinct precipitate of potassium per-
chlorate is at once produced.

This phenomenon is universal
; every saturated solution of a salt

becomes supersaturated in respect of this salt when the concentration of one

of its ions in the solution is increased. Whether or not this salt is de-

posited, depends on whether the solution formed is supersaturated to such

an extent that the spontaneous formation of the solid phase occurs, or

whether it is still in the metastable region (p. 49). These relation-

ships are determined by the nature of the salt and the amount of the

supersaturation.

Further, a supersaturated solution of potassium perchlorate is

obtained when the solution of any potassium salt is brought together
with that of a perchlorate, i.e. when kalion and perchloranion come

together in the same solution. If the concentration of the two ions is

not very small, the limits of the metastable state are immediately
exceeded, and the solid substance separates out.

The conclusion may therefore be expressed as general that when
the ions of a sparingly soluble salt meet in solution, that salt will separate
out if its metastable limits are exceeded. For this separation both

ions are essential
; still, the experiments with the saturated solution

of potassium perchlorate show that the two ions can mutually represent
each other in their concentration. For if potassium perchlorate

separates out from a solution which was saturated in respect of the

pure salt, when the perchloranion is increased without increasing
the kalion, there must be much less kalion contained in the resulting
solution than in the first saturated solution. Similar reasoning holds

for the second experiment. Whereas, therefore, the solution of a

simple substance can be saturated only at a definite concentration of

the solution, the saturation of the solution of a salt is possible with

very different concentrations of its ions
;

but when the concentration

of one increases, that of the other must correspondingly decrease.

454. Theory of Solution Equilibrium. The relationships just
described follow as a necessary consequence from the law of mass action

when the ions of the salts are regarded as independent constituents,
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Let us consider the simplest case, that of a salt consisting of two

univalent ions, and let the concentration of the two ions be a and 6,

that of the undissociated part c
; then, according to the law of mass

action (p. 355), the equation
a .

= c . c

must hold for every solution of the salt.

In this equation k is the
"
equilibrium constant," which also depends

on the temperature.
For the saturated solution, also, the same equation must hold. Let

the corresponding values be called a
,
b

,
c

;
the equation then becomes

a . b = Jc .c .

On the right side of the equation are values which are constant at

a given temperature. In the case where a salt is simply dissolved in

water, the two ions are produced in the same concentration,
1
and, there-

fore, a = b = \Hec has a definite value. This value varies with the

temperature, and therefore the solubility of pure salts is in complete
accordance with the general laws developed above.

If, however, the two ions are present in different concentration, as

when solutions of different salts are mixed, it is necessary for equili-

brium that the product of the two concentrations a 6 shall assume a

perfectly constant value. The greater the one concentration, therefore,

the smaller must the other be in order that equilibrium be established.

The product ajbn which corresponds to equilibrium is, therefore, called

the solubility product. In the case of sparingly soluble salts this is small
;

for readily soluble salts it is large. If the product of the concentrations

a . b of the ions present in a solution is greater than the solubility

product of the corresponding salt, the solution is supersaturated in

respect of this salt, and so much of it must separate out that in the

remaining solution the value of the solubility product is reached.

If the product of concentrations in a solution is smaller than the

solubility product of the corresponding salt, the solution exerts a solvent

action on the solid salt.

In these simple principles, the whole theory of precipitation and
solution of saline precipitates is contained. The applications are as

diverse as the theory appears simple, and there will be frequent oppor-

tunity in the sequel of making use of the light which is thrown by this

formula.

For example, at 15, 154 gm. or 0-111 mole of potassium per-
chlorate dissolve in one litre. . Since this dilute solution is almost

entirely dissociated into ions, a is also equal to 0-111 and b = 0-111.

Hence a 6 = jfec = 0-0123.

1 The concentration is tt> be measured here, as in all equations of equilibrium, in moles

per litre. According to our system, it would be more correct to reckon moles per c.c.

(p. 353) ; since, however, very small numbers would be thereby obtained, it is more

practical to employ the derived unit mole-litre.
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Suppose, now, a solution given containing 0-5 mole kalion per
litre, and let an equal volume of a solution of perchloric acid, contain-

ing one mole per litre, be added. The concentration of the kalion

thereby sinks to 0-25, that of the perchloranion to 0-5
;

the product
of the two is, therefore, 0-125. This value is a multiple of the

"
solu-

bility product
"

0-0123 found above for the equilibrium between

potassium perchlorate and its aqueous solution. In order that equili-
brium may be established, solid salt must separate out until the product
of the remaining concentrations reaches the value 0-0123.

When, now, the solid salt -is deposited, both ions disappear in

equal amounts. Let x be the amount of the solid salt measured in

moles which will separate out, then (a-x) (b -x)= 0-0123. Since, by
assumption, a = 0-25 and 6 = 0-5, it follows x = 0-208, i.e. the greater

part of the kalion separates out, for only the amount a -x = 0-042,
or a sixth of the original amount, remains in solution.

The above relations become more complicated when we are no

longer dealing with salts of wmvalent ions. Since, however, the general
relations are thereby not changed, but only the numerical laws, an

exposition of the corresponding formulae is, in the first instance, not

required.
455. Other Reactions Of Kalion. The number of sparingly

soluble potassium salts is limited, so that there are not many precipita-
tion reactions for kalion. For analytical purposes, two ions especially
are used, whose potassium salts are sparingly soluble, viz. those of

tartaric and of hydrochloroplatinic acids.

Tartaric acid is an organic compound of the formula H2C4 6
H4 ;

two hydrogens are written at the beginning to indicate that it is a

dibasic acid. It forms, therefore, an acid and a normal potassium
salt

;
of these, only the former is sparingly soluble. If a solution of

tartaric acid be added to one containing kalion, the salt KHC4 6
H4

is precipitated as a crystalline powder.
Attention must, however, be paid to certain conditions which are

essential to the success of the reaction.

In the first instance, tartaric acid is not a strong acid ;
its solutions

contain for the most part undissociated tartaric acid along with the

ions H' and HC4 6
H4

'

(hydrotartranion). It is the latter which deter-

mines the formation of the sparingly soluble precipitate on coming
into contact with kalion

; everything, therefore, which diminishes

the concentration of the hydrotartranion will also impair the formation

of the precipitate and make the reaction less sensitive.

Of such influences, hydrion comes especially into account. If

tartaric acid is added to a solution containing kalion and also a large
amount of hydrion, the latter unites with the hydrotartranion present
to form undissociated tartaric acid, and the concentration of the remain-

ing hydrotartranion can easily fall below the value necessary for pre-

cipitation. For the same reason, strong acids, e.g. hydrochloric acid,
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exercise a solvent action on the precipitate. Theydestroy in the saturated

solution the hydrotartranion which is present, giving up their hydrogen
for the formation of undissociated tartaric acid, and a further amount
of potassium tartrate must therefore pass into solution to re-establish

equilibrium.
Such an action can, evidently, occur only when the anion is that

of a weak, i.e. slightly dissociated, acid, since the anion of a strong acid,

which has no tendency to unite with hydrion, is not greatly changed
by the presence of the latter. For this reason the solubility, for example,
of potassium perchlorate and that of the potassium salt of chloro-

platinic acid which will be mentioned presently, is not appreciably
altered by the presence of strong acids, i.e. of hydrion. We can there-

fore lay down the rule that the sparingly soluble salts of weak acids are

mostly soluble in strong" acids, but not the sparingly soluble salts of strong
acids.

When, therefore, it is desired to seek for kalion in an acid solution,

the concentration of the hydrion must be made as small as possible.
This can be done by carefully neutralising the solution with a base,

e.g. caustic soda, with the help of litmus. The object can, however,
be attained much more quickly by adding an indefinite amount of the

sodium salt of the weak acid, e.g. of acetic acid. The anion of acetic

acid contained in such a solution then unites with the greater part of

the hydrion present to form undissociated acetic acid, and the residual

amount of hydrion is reduced to a harmless amount. Of this method
of weakening the action of the hydrion, very great use is made in

chemistry, and we shall repeatedly have occasion to return to it.

It is still more suitable to employ the acid sodium salt of tartaric

acid in the solution of which the requisite ion HC4 6
H4

'

is most

abundantly present, and which has also the same effect in binding the

hydrion.
A further circumstance which has to be taken into account in

testing for kalion with tartaric acid, is the length of time which solu-

tions of the acid potassium tartrate remain supersaturated. Even
when the solubility product has been rather considerably exceeded, no

precipitate is formed at first, so that it appears as if no kalion were

present. If the liquid is violently shaken, the salt is precipitated
more quickly ;

still more certain action is produced by the addition of
"
nuclei," i.e. of exceedingly minute traces of the solid salt. A suitable

preparation is obtained by powdering together a small quantity of the

acid potassium tartrate with a hundred times its weight of a soluble

substance, e.g. sodium nitrate. If, after the addition of tartaric acid, a

quite small quantity of this mixture is added to the liquid to be tested

for kalion and the whole well shaken, all possibility of supersaturation
is done away with, and a precipitate is therefore sure to be formed if

the solubility product is exceeded.

Another precipitant which is greatly used for kalion, especially
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in quantitative determinations, is hydrochloroplatinic acid, frequently
but erroneously called platinic chloride. It is a compound of the

composition H2PtCl6 ,
and is, therefore, so far as the formula is con-

cerned, similar to hydrofluosilicic acid, H2SiF6 (p. 454). A further

similarity exists in the fact that both yield sparingly soluble salts with

kalion. Whereas, however, hydrofluosilicic acid also yields a similar

salt with natrion, and cannot, therefore, be used for the separation of

the two elements, sodium platinochloride, in contrast with potassium

platinochloride, is very readily soluble in water and in alcohol.

If, therefore, hydrochloroplatinic acid is added to a solution con-

taining kalion, the solubility product is exceeded even when the con-

centration of the former is very small, and the salt K2PtCl6, generally
called potassium platinochloride, separates out as a yellow precipitate,
which microscopic examination shows to consist of regular, transparent
octahedra. The reaction can be rendered much more sensitive by the

addition of alcohol, since the salt is much more sparingly soluble in

alcohol than in water.

Since hydrochloroplatinic acid is a strongly dissociated acid of the

same order as hydrochloric acid, the presence or absence of hydrion
is of no account, although it has an influence in the case of tartaric

acid.

456. Potassium Hydroxide. When potassium is brought into

contact with water, violent action takes place ; hydrogen is evolved,
and usually takes fire in consequence of the high temperature produced,
and the potassium is converted into potassium hydroxide : 2H

2 + 2K

The flame of the burning hydrogen has a reddish-violet colour ;

this is due to potassium, which imparts this colour to flames in which
it is present. The potassium hydroxide which is formed does not, as

a rule, dissolve immediately in water, but forms a fused incandescent

ball which, on account of its high temperature, is not wetted by the

water
;
when all the potassium has been used up and the flame is

extinguished, the ball still floats some time on the water until its tempera-
ture has so far sunk that wetting occurs. It then dissolves with so

great an evolution of heat that an explosive formation of steam occurs,

and small particles of the hot mass are projected in all directions.

Since potassium hydroxide has a strongly corrosive action, these

particles can do considerable damage, and care must be taken by a

timely covering of the vessel that they do not become scattered.

The action of potassium on water is much more moderate when
the metal is dissolved in mercury. This solution is called potassium

amalgam, amalgam being the general name for those metallic alloys
which contain mercury. In the laboratory it is prepared by dissolving
metallic potassium in mercury ;

considerable amounts of heat are set

free in the process.
On the large scale, potassium hydroxide is prepared by the action
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of potassium amalgam on water, the necessary amalgam being prepared

by an electrical method. If a' solution of potassium chloride is

electrolysed, chloridion goes to the anode and kalion to the cathode.

If the latter is formed of mercury, the potassium, after losing its electric

charge, dissolves in it and forms potassium amalgam (p. 224). This

acts in another part of the apparatus on water, and is converted into

potassium hydroxide with evolution of hydrogen, in accordance with

the equation given above
;

the mercury, free from potassium, again

passes back to the cathodic space.
A solution of potassium hydroxide can also be obtained electro-

lytically by using an anode of some other metal, e.g. iron. In this

case no potassium at all separates out, but only hydrogen is evolved,
with the simultaneous formation of potassium hydroxide. It has

already been remarked (p. 224) that in this process we may look upon
potassium as being first formed, and then reacting secondarily with

water to give potassium hydroxide and hydrogen. Another, and

perhaps more correct view, is to regard the hydrogen as primary by
assuming that the hydrion, which is present in small amount in the

water, is discharged and forms hydrogen. The corresponding amount
of hydroxidion remains in solution, and forms potassium hydroxide
with the kalion. In proportion as hydrion is thereby used up, a fresh

quantity is formed from the water. Both ways of viewing the process
lead practically to the same result, and the considerations which cause

the one or the other view to be regarded as the better will not be put
forward here, since at this point nothing of an essential character

depends on them.

The method just given appears simpler than the previously described

mercury method. To it, however, there attaches the very great

difficulty that the cathodic space, in which the caustic potash is formed,
must be very carefully separated from the anodic space, in which the

chlorine is evolved, since, otherwise, the two substances would act

on one another. At the same time it is required that the electric

current shall pass through unimpeded. The porous septa of parch-
ment paper, animal bladder, or clay which are usually employed, do
not resist the simultaneous action of chlorine and caustic potash, and
the use of the method is dependent on the satisfactory solution of the
"
diaphragm question."

Further, potassium hydroxide is obtained by a chemical method

by decomposing potassium carbonate in dilute solution with calcium

hydroxide.
*
Since calcium is a bivalent metal, the latter compound

has the formula Ca(OH)2 ,
and the reaction takes place in accordance

with the equation K2C03 + Ca(OH)2
= CaC03 + 2KOH. The following

may serve as an explanation of the process.
Calcium hydroxide is a slightly soluble substance, since one litre of

water dissolves less than 2 gms. of it
; calcium carbonate is a very

sparingly soluble salt, the solubility of which is at least a hundred
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times as small as that of calcium hydroxide ; potassium carbonate and

potassium hydroxide, on the other hand, are readily soluble salts. If

a solution of potassium carbonate is brought together with solid calcium

hydroxide, a small quantity of the latter, in amount corresponding
to the above-stated solubility, dissolves. The solution then contains

the ions Ca", OH', K', and C03". Of the four possible salts which can

be formed from them, calcium carbonate has by far the smallest solubility

product, and since the values of the concentrations of Ca" and C03
"

in the solution yield a much larger product, it follows that calcium

carbonate must separate out in the solid form.

When the concentration of the calcion has thereby become smaller,

fresh calcium hydroxide must pass into solution
;

the calcion from

this is in turn precipitated by the carbanion, and if a sufficient amount
of calcium hydroxide is present, the process goes on until the con-

centration of the carbanion has fallen to the small value which corre-

sponds to the solubility of calcium carbonate. Besides these very
small amounts of calcion and carbanion, only kalion and hydroxidion
remain in the solution, i.e. potassium hydroxide has been formed.

It must here be remembered that the solubility of the calcium

hydroxide becomes smaller and smaller by reason of the increase in

the concentration of the hydroxidion during this process, i.e. a decreas-

ingly small concentration of calcion suffices to give the solubility pro-
duct of calcium hydroxide. The amount of carbanion finally remain-

ing in solution is correspondingly greater than in the case of a pure
solution of calcium carbonate. This circumstance becomes more

prominent, the more concentrated the solution becomes in respect of

hydroxyl. For this reason, the process must be carried out in dilute

solution (at most 8 per cent) in order that the decomposition may be

sufficiently complete.
As can be seen, this method is an application of the general

principle that from a solution containing different ions, that com-

pound of these, or that salt, separates out whose solubility product is

exceeded.

In practice, the above process is carried out at the temperature of

the boiling point. In the cold, the calcium carbonate, indeed, separates
out in a much more soluble, amorphous form, which only slowly passes
into a more stable and less soluble form

;
at the temperature of the boil-

ing point, however, the transformation takes place very quickly. An
excess of calcium hydroxide is used, and the mixture is boiled until no

bubbles of carbon dioxide are formed, when a sample of the clear, settled

liquid is supersaturated with an acid. Since the hot solution attacks

glass and porcelain, vessels of iron, which are resistant to a solution of

caustic potash, are employed.

By evaporating the solution, solid potassium hydroxide, KOH,
usually called caustic potash, is obtained. The peculiarity is here

found that solid substance is not deposited at a definite concentra-
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tion on evaporating the boiling liquid, as is the case with other salts
;

but the solution always remains liquid, while its boiling point rises,

and finally it forms fused potassium hydroxide.
It must not be concluded from this that solid potassium

hydroxide is soluble in water in all proportions : such a relation

never occurs between a solid and a liquid substance. It can, however,

be concluded that there is no saturated solution of potassium hydroxide
in water whose vapour pressure at the temperature of saturation is as much

as one atmosphere.
At all temperatures between the freezing point of a saturated

solution of caustic potash and the melting point of the anhydrous
caustic potash, there can be saturated solutions of caustic potash in

water, i.e. liquids which consist of a caustic potash and water, and are

in equilibrium with solid potash. At the equilibrium or saturation

temperature, each of these liquids has a definite vapour pressure. This

approaches zero at both ends of the chain of physical states referred

to above. On the one hand, at a low temperature, the vapour pressure
of the saturated solution is, of course, very small

;
on the other hand,

the first portions of water are held so firmly by the fused potash that

even the vapour pressure of this liquid commences with very low values,

in spite of the high temperature. Between these two extremes, the

values of the vapour pressure must be such that they reach a maximum
at an intermediate point. In the case of most salts, this maximum
is greater than one atmosphere ;

in the case of caustic potash, it is

If, therefore, the solution of caustic potash be boiled down under

a sufficiently low pressure, the solid substance will be seen to be de-

posited, just as is the case with most other substances when the con-

centration is carried out under the ordinary atmospheric pressure.

In Fig. 113, the line kJc represents, diagrammatically, the vapour

pressure of the saturated solutions of caustic potash as a function of

the composition of the saturated solution, the total amount of potash

plus water in the solution being put equal to unity ;
aa represents the

atmospheric pressure, and ss the vapour pressure curve of any other

salt in the case of which the deposition of the solid substance is exhibited

on concentration under atmospheric pressure. The curves are drawn

only diagrammatically, and do not represent actual measurements ;

none such have as yet been made in the case of caustic potash.
457. Chemical Properties of Potassium Hydroxide. Potas-

sium hydroxide or caustic potash is the type of a strong base. In

aqueous solution it is very extensively dissociated into its ions, and

the properties of hydroxidion are, therefore, very strongly developed.
Even in very dilute solution it colours litmus blue and phenolphthalein
red. Somewhat stronger solutions have a soapy feeling, because they
dissolve the skin of the fingers and convert it into a slimy mass

; they
exhibit a similar solvent action on fats, horn, hair, and like animal
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substances. Acids of all kinds are neutralised, i.e. converted into

potassium salts, and neutral salts containing other metals are mostly

decomposed in such a way that potassium salts are formed and the

metals are deposited as hydroxides.
Since the last reaction is largely made use of in analysis and for

technical purposes, a short discussion of it will be given. If a solution

of caustic potash is added to the solution of a salt the metal of which

forms a sparingly soluble hydroxide, this hydroxide will be precipitated,
because so much hydroxidion is introduced into the solution by means
of the potash that the solubility product of the hydroxide in question
is greatly exceeded. Since, now, the hydroxides of almost all the

metals except the alkali metals are less soluble than potassium hydroxide,
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their salts are all decomposed in the above manner by potash
solution.

Thus, solutions of zinc salts give a white precipitate of zinc hydroxide
with caustic potash ;

solutions of nickel salts, a green ; and copper
salts a blue precipitate of hydroxide. Ammonium salts on being heated

after the addition of caustic potash, evolve ammonia gas, which can

be detected by its smell and by the fumes which it gives with hydro-
chloric acid (p. 367), because the ammonion undergoes transformation

with the hydroxyl to form water and ammonia.

All these reactions are due to hydroxidion and not to kalion, for

the same reactions are given when the latter is replaced by natrion

or the ion of any other alkali metal. What has just been said is, there-

fore, not a description of caustic potash in particular, but of the strongly
dissociated hydroxides in general.

The special properties of kalion have already been given (p. 466 ff.).
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458. Potassium Chloride. The most widely distributed salt of

potassium, and the one which is most important technically, is potas-
sium chloride, KC1. It occurs naturally in regular crystals as sylvine ;

it is found, however, in much larger quantities, united with magnesium
chloride, as carnallite. The latter mineral will be described under

magnesium, as will also the method of obtaining potassium chloride

from it.

Potassium chloride is a colourless salt which is readily soluble in

water, and which fuses only at a fairly high temperature (730) to a

colourless liquid which, on solidifying, forms the same regular crystals

as are obtained from the aqueous solution. The solubility of potassium
chloride in water increases almost proportionally with the tempera-
ture : at 0, 100 parts of water dissolve 28 parts of the salt

;
at 100,

57 parts (p. 243).

The solutions exhibit the reactions of the ions of the salts.

Being the cheapest potassium salt, potassium chloride is used

for preparing numerous other potassium salts and as a fertiliser.

Potassium is an essential constituent of plants ;
the quantity of this

element required by the different plants is, however, different. More

especially in the case of the sugar beet is a large amount of potassium

necessary. Now, the normal soil contains rather considerable quantities
of potassium, chiefly, it is true, in the form of compound silicates. On
account of the slight tendency to decompose, these silicates are, how-

ever, available in such small amount that where there is a long-con-
tinued occupation of the soil by plants which take up large quantities
of potassium, a compensation by soluble potassium salts is necessary-.

This purpose is served by the manures containing potassium.
These are obtained from naturally occurring mineral beds which

extend widely through North and Middle Germany ; they have been

worked with most success at Stassfurt. There are found, lying on

an enormous layer of common salt (sodium chloride), extensive beds

of potash minerals (abraum salts), from the nature of which it is probable
that we are here dealing with the residues of the evaporation of a

former sea.

459. Potassium Bromide, KBr, is a white salt which crystallises

in regular forms, is readily soluble in water, and is generally employed
for all purposes for which bromidion is used. Large amounts of it

are used in photography for the preparation of silver bromide ;
it is

also used in medicine.

Potassium bromide is chiefly obtained from bromine by dissolving
this in caustic potash. The resulting mixture of bromide and bromate

(p. 256) can be easily separated by crystallisation into its components,
if use can be made of the bromate. If the bromate is not desired,

the salt mixture is heated with charcoal, the bromate being thereby
converted into bromide : 2KBr03 + 30 = 2KBr + 3C02 .

460. Potassium Iodide, KI, is used, similarlyto potassium bromide,
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in all cases where iodidion has to be applied, and more especially for

the preparation of other iodides. It- is a white salt, which crystallises
in anhydrous cubes, and is still more readily soluble in water than

potassium bromide
;

it readily becomes coloured yellow from the

separation of free iodine (due to the carbonic acid and the oxygen of

the air).

Potassium iodide is prepared from iodine by converting this into

iodide of iron by means of water and iron, and precipitating this with
a solution of caustic potash. Ferric hydroxide is deposited and

potassium iodide remains in the solution and can be obtained by
evaporation;

461. Potassium Fluoride, KF, is obtained as a white salt, readily
soluble in water, by evaporating a solution of caustic potash which
has been neutralised by hydrofluoric acid. Its aqueous solution attacks

glass, and the preparation must, therefore, be carried out in vessels of

platinum.
Potassium fluoride is distinguished from the other halogen com-

pounds of potassium in many respects. At ordinary temperatures,
it crystallises with water of crystallisation, forming crystals of the

composition KF + 2H20, while the others are anhydrous. Further,
it is capable of combining with an excess of hydrofluoric acid to form
an acid salt.

If to the solution as much hydrofluoric acid is added as was required
for neutralisation, and the solution is evaporated, there crystallises
out a salt of the composition HKF2 , which, on being strongly heated,

decomposes into neutral potassium fluoride and anhydrous hydro-
fluoric acid : HKF

2
= KF + HF. The hydrofluoric acid behaves as if

it were a dibasic acid of the composition H2F2 .

Since such a composition cannot be formulated in accordance
with the ordinary theory of valency, the compound has been described

as a so-called molecular compound, the latter being regarded as different

from the compounds in the narrower sense. No difference between
the two kinds of compounds can, however, be detected experi-

mentally, and it must just be laid down as a fact that hydrofluoric
acid can also act as a dibasic acid. The relations actually existing
are not yet accurately known, but it is probable that in the com-

paratively concentrated solutions of hydrofluoric acid, the compound
HF exists as well as H

2
F

2 along with their ions. A solution of the

acid potassium salt would, accordingly, contain the ions K' and HF2
'

along with the ions 2F' and H', as the dissociation products of the

ion HF2'.

462. Potassium Chlorate, KC103 ,
is a salt which crystallises in

anhydrous monoclinic laminae, the solubility of which in water is small

at low temperatures, but very considerable at high. If the solubility
is represented as ordinates and the temperature as abscissae (Fig. 80,

p. 243), a curve is obtained which is convex on the under side, i.e. the
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increase of the solubility is not proportional to the temperature, but

is more rapid.
The formation of potassium chlorate by passing chlorine into a

solution of caustic potash, does not differ from that of sodium chlorate

(p. 239). Since in this process only a sixth of the potassium is con-

verted into chlorate, the potash is replaced by the cheaper calcium

hydroxide, which, in a perfectly similar manner, yields calcium chloride

and calcium chlorate. To the solution is added potassium chloride in

amount corresponding to the quantity of calcium chlorate
;
on cooling

down the liquid, the product of the concentrations of kalion and

chloranion is considerably greater than the solubility product of

potassium chlorate, and this salt, therefore, is deposited.
The chlorine required for the reaction is now no longer prepared

by a chemical method, as formerly, but electrolytically. As was shown
on p. 474, hydrogen and caustic potash are formed at the cathode

and chlorine at the anode, when a solution of potassium chloride is

electrolysed. While it is of essential importance to keep these two

products separate where it is a question of obtaining the caustic potash,

they must be allowed to act on one another when the object is to prepare

potassium chlorate, and, in contrast with the former case, it is especially

advantageous to effect the mixing of the two substances as quickly and
as completely as possible. In places, such as Switzerland and Norway,
where electrical energy can be obtained cheaply by means of water

power, the whole amount of chlorates required is now prepared in

such a manner.

Since in this reaction all the potassium chloride can be finally

converted into chlorate and only hydrogen is formed as by-product,
the chemical process can be summarised in the equation KC1 + 3H2

=
KC103 + 3H2 . Such a process does not take place spontaneously, since

the substances on the right side of the equation contain much more

energy (more both of total energy and of free energy) than those on
the left, from which they are formed. To make such a process possible,

therefore, free energy must be communicated, and this is done in the

form of the electric current.

The action of the latter consists in converting the ions which are

present into neutral substances (or, vice versa, neutral substances into

ions) at the electrodes. Since changes of energy always accompany
this transformation, two different cases may arise. In the first place,
the sum of the transformations may be accompanied by an elimination

of free energy ;
the chemical energy can then be utilised for obtaining

electrical energy in the form of a current. This occurs in the galvanic

cells, in which chemical energy is transformed into electrical
;

these

will be discussed later. In the second case, the substances which
are formed contain more free energy than the original ones ;

in

this case electrical energy must be expended in order to render

the reaction possible, and electrical energy is transformed into
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chemical. This is the case in the preparation of potassium chlorate

just described.

Potassium chlorate is used chiefly on account of the large amount
of oxygen which it contains, and of the ease with which it gives this

up. The use of this salt for obtaining free oxygen in the laboratory
has already been mentioned. It is further used in pyrotechnics and in

the preparation of explosive mixtures. Such mixtures are obtained

when this salt is mixed with combustible substances
; according to the

nature of the latter, the mixtures burn with greater or less rapidity,
or are explosive.

Thus, very rapidly burning mixtures, which can be ignited by
percussion or by friction, are obtained by mixing potassium chlorate

with sulphur or sulphur compounds of the metals. A mixture of

equal parts of potassium chlorate and antimony sulphide can be made
to undergo sudden combustion with violent detonation when placed on

a hard support and struck with a hammer. It explodes much more

readily with friction, so that it must be prepared and handled with

care. It is the most important constituent in the heads of the so-called

Swedish safety matches.

Large quantities of potassium chlorate are also used in dye-works.
There are certain dyes (aniline black) which are formed on the fibre

by the oxidation of other substances which are soluble. In those cases

where the oxygen of the air is not sufficient, chlorates are employed.
At the ordinary temperature these, certainly, do not give up their

oxygen quickly, but by the addition of catalytic accelerators (copper
or vanadium salts) velocities are attained which can be utilised in

practice.

When hydrochloric acid is poured over potassium chlorate, large

quantities of chlorine are evolved : KC103 + 6HC1 - KC1 + 3H2 + 3C12 .

This mixture is, therefore, often used in analysis in place of aqua regia,

especially for the oxidation of the metallic sulphides. In carrying out

this operation, hydrochloric acid is poured over the substances and

potassium chlorate added in small quantities in the cold.

The same mixture is used for the oxidation of organic substances

in testing foods or parts of the organism for mineral poisons. In this

case the oxygen of the potassium chlorate acts directly as oxidising

agent.
All these reactions depend on the transformation of chloranion

into chloridion, with liberation of oxygen : C103
' = Cl' + 30. They

are, therefore, also given by the chlorates of the other metals. That
it is potassium chlorate which is almost exclusively used for this purpose
is due to the fact that it is, of all the chlorates, the one which has been

longest known and is the easiest to prepare pure. In many cases,

however, its slight solubility at medium temperatures is a disadvantage ;

it is then replaced by the much more readily soluble sodium chlorate

(which see)

2 I
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The evolution of oxygen from fused potassium chlorate is greatly

accelerated by the presence of foreign substances which do not take

part in the reaction. In this respect, ferric oxide is the most efficient ;

if finely powdered potassium chlorate is mixed with a fourth of its

weight of ferric oxide and the mixture heated at one point, it becomes

incandescent, and decomposes with almost explosive violence. A
similar though feebler action is exerted by manganese dioxide, and

this is therefore chiefly used to facilitate the decomposition of the

chlorate (p. 107).

The action is partly due to the fact that the fine powder of the

substances added facilitates the evolution of gas owing to the presence

of air bubbles, as happens in the case of supersaturated gas solutions.

For the decomposition of potassium chlorate into potassium chloride

and oxygen is not a process of dissociation which leads to a measurable

chemical equilibrium, but a process which takes place only in one

direction, such as, e.g. the combustion of charcoal in oxygen. The

reaction, also, cannot be reversed
;
no measurable amount of potassium

chlorate is formed by heating potassium chloride in oxygen.
Potassium chlorate has, therefore, to be regarded as an unstable

compound, whose existence depends on the fact that the decomposition
which it undergoes takes place so slowly as to be inappreciable by the

ordinary means of detection. Even at the temperature of fusion, the

velocity of decomposition is not considerable when the substance is

pure, but is catalytically accelerated by the substances mentioned

above. This follows from the fact that powders of approximately the

same degree of fineness and enclosing the same amount of air exert,

at the same temperature, a very different action on the fused chlorate
;

the one causes only a moderate, the other a violent decomposition.
The latter is all the more dangerous the larger the amount of salt

decomposed at one time. From the thermochemical measurements it

is found that in the decomposition of potassium chlorate into potassium
chloride and oxygen, 34

lyj
are evolved. From this it follows that

the salt undergoing decomposition must rise in temperature ;
the

decomposition is, however, thereby accelerated. If, by using com-

paratively large quantities, the dissipation of the heat is made small,

the temperature rises so high that complete decomposition occurs in a

very short time. These are, however, the phenomena of explosion.
The catalytic action of the substances named can be demonstrated

by carefully fusing pure potassium chlorate and waiting till the evolution

of gas, which usually occurs, has ceased. If into the quietly flowing

melt, after removing it from the flame, a little manganese dioxide is

thrown, the liquid mass immediately froths violently, although the

temperature is lowered by the cold powder.
463. Potassium Perchlorate, KC104,

is formed when potassium
chlorate is carefully heated (p. 246), and can, by reason of its small

solubility be easily separated from the potassium chloride which is
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formed at the same time. It is, it is true, more rich in oxygen than

potassium chlorate, but it is only slightly employed for purposes of

oxidation, because it gives up its oxygen much more slowly than the

latter. On account of its small solubility, which can be further con-

siderably diminished by addition of alcohol, it is occasionally used for

the separation of kalion in analysis. For this purpose a sufficient

quantity of perchloric acid is added to the solution, and so much anhy-
drous alcohol that the solution contains at least 70 per cent of the latter.

Since of all the salts of perchloric acid, potassium perchlorate is the

most easily prepared, it is used for the preparation of that acid by
distillation with sulphuric acid.

464. Potassium Bromate, KBr03 . The formation of this salt,

along with potassium bromide, by the interaction of caustic potash
and bromine, has already been mentioned (p. 478). It is the salt in

which bromanion is most readily accessible, but there are only few

cases in which this finds application.
Potassium bromate is more sparingly soluble in water than the

chlorate, with which it is isomorphous, and, like most of the potassium
salts, it crystallises anhydrous. On being heated, it readily decom-

poses into potassium bromide and oxygen ;
as a rule, some bromine is

thereby set free.

465. Potassium lodate, KI03,
is a slightly soluble salt which

can be obtained in various ways. On dissolving iodine in caustic

potash, potassium hypoiodite is first of all formed along with potassium
iodide

;
the former, however, passes quickly (much more quickly than

the hypochlorite) into potassium iodate and potassium iodide, which

can easily be separated from one another on account of the great
difference in solubility. Potassium iodate is further formed by ex-

posing potassium iodide to oxidising actions, e.g. in a current of chlorine.

It can be obtained still more easily by carefully heating a finely

powdered mixture of potassium chlorate and potassium iodide to a

temperature at which the potassium chlorate just begins to decompose.
There then occurs the reaction KC103 + KI = KI03 + KC1, and the two
salts can be readily separated from the fused mixture by crystallisation.

Finally, when a little nitric acid is added to the solution, iodine

reacts with potassium chlorate and yields potassium iodate, chlorine

being evolved : 2KC103 + 1
2
= 2KI03 + C12 .

Potassium iodate crystallises anhydrous from neutral solutions.

If these are acidified, acid potassium iodate, of the formula KHI2 6 ,
is

obtained on crystallisation. This is another example of the fact that

monobasic acids can yield acid salts like dibasic acids.

Acid potassium iodate is a substance which can be used in many
ways in volumetric analysis, since it crystallises anhydrous and can be

easily weighed. On the one hand, by dissolving weighed quantities of

it, solutions of a definite acid titre are obtained
;

it can, therefore, be

used as the starting substance for the determination of acids and bases.
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On the other hand, with excess of potassium iodide and acid, it gives

an amount of free iodine which can be calculated from the equation
KHI2 6 + 10KI + 11HC1 = 11KC1 + 6H2 + 6I2 ,

so that it can also be

used as the basis for iodometry (p. 325). However, it is not quite easy
to prepare a salt of constant composition, for besides the salt just

mentioned, there is a salt KH2
I3 9 ,

which separates out from more

strongly acid solutions.

466. Potassium Carbonate, K2C03 , was, before the discovery of

the German potash beds, the salt of potassium which was available in

greatest abundance, and was therefore the most important. It is

called potash because it was obtained from the ash of wood and other

parts of plants. In plants the potassium salts of organic acids occur
;

when the plants are burned, the carbon of the acids passes into carbon

dioxide and the potassium remains in the ash in the form of the car-

bonate.

To obtain it from this, the ash is extracted with water
;
the soluble

salts, of which the chief is potassium carbonate, are dissolved, and the

insoluble constituents remain behind. To obtain the salt itself, the

solution must be evaporated. The expenditure necessary for this is

all the greater the greater the quantity of water, relative to the amount
of salt, which has to be removed

;
it is, therefore, of importance that

a solution should be prepared which is as concentrated as possible. On
the other hand, it is just as important to extract the salt as completely
as possible from the ash, for which purpose repeated extraction with

fresh water is necessary.
The fulfilment of these two apparently opposed demands becomes

possible by means of the principle of counter-currents, already mentioned.

Let there be given a series of vessels with ashes, A, B, C, . . . If,

now, A is extracted with a certain quantity of water, the solution, on

the one hand, is by no means saturated with potassium carbonate, and,

on the other hand, a large amount of the salt remains behind with the

ashes, since all the solution cannot be removed. For the extraction

of B there is used, not pure water but the solution from A, and A is

extracted with a fresh portion of pure water. By this means a much
more concentrated solution is obtained from B and a much smaller

residue remains in A. The solution from B goes to C and dissolves

more salt
;
the solution from A is used for the extraction of the residues

in B, and by a third quantity of pure water the salt still present in A
can be almost completely removed.

If this process is continued systematically, the solvent water moves
in one direction and the ashes to be extracted in the opposite direction

;

by this means almost completely lixiviated ash is exposed to the action

of fresh water, and the almost saturated solution acts on fresh ash,

the result of which is, on the one hand, a well lixiviated residue, and,
on the other, an almost saturated solution. By means of this arrange-

ment, on the principle of counter-currents, no more water is used than
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is necessary to dissolve the salt, and, on the other hand, the soluble

matter is removed from the residues as completely as is desired.

The same process, which has, for the sake of clearness, been here

described as being carried out in different vessels, can be so arranged
as to go on continuously. The same object is attained if we imagine
the ash to be slowly moved upwards by means of some mechanical

contrivance, while at the same time water trickles from above down-
wards.

Besides occurring in the ash of plants (the ash of bituminous and
of brown coal contains almost no soluble substances), potassium car-

bonate is also found abundantly in the residues which are left in working
up the sugar beet (molasses charcoal) ; further, not inconsiderable

quantities of organic potassium salts are obtained in the water in which
raw sheep's wool has been washed.

The potassium carbonate obtained from the above sources is of no

great purity. To obtain a pure salt, it is well to prepare the much
less soluble potassium bicarbonate (vide infra), and to convert this into

the carbonate by heating.
Potassium carbonate is also prepared in large quantities from

potassium chloride. For this purpose, the electrolytic decomposition

may be employed whereby potassium hydroxide is formed (p. 223) ;

on passing carbon dioxide into the liquid around the cathode, potassium
carbonate (or bicarbonate) is, of course, obtained in place of the

hydroxide. It can also be prepared from potassium chloride by a

process exactly similar to that used for preparing sodium carbonate

from common salt, and which will be described under sodium. Finally,

potassium carbonate can be obtained from potassium chloride by way
of a double salt with magnesium carbonate

;
the chemical reactions

occurring here will be given under magnesium.
Potassium carbonate is a white salt which is very soluble in water.

Since the vapour pressure of the solution saturated at the ordinary

temperature is considerably smaller than the average vapour pressure
of the water in the air, the salt deliquesces in the air to a thickish

liquid which, after standing some time, again becomes solid. This is

due to the fact that the salt absorbs carbon dioxide from the air and

slowly passes into potassium bicarbonate (vide infra). By carefully

evaporating the aqueous solution at a low temperature, hydrated

crystals of the composition 2K2C03 + 3H2 are obtained.

The aqueous solution of potassium carbonate has a fairly strong
alkaline reaction, and exhibits also the other characteristics of

hydroxidion. This is due to the fact that the ion C03", which is the

immediate product of dissociation of the salt, reacts with the water of

the solution in accordance with the equation C03
" + H2

= HC03
' + OH'.

Reactions of this kind have been discussed at length in connection with

phosphoric acid (p. 392).

Potassium carbonate is a convenient starting substance for the
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preparation of other potassium salts. On the one hand, most free acids

form the corresponding salts with potassium carbonate, with evolution

of carbon dioxide. Carbonic acid is, as has already been shown (p. 417),

a very weak acid, and this reaction therefore takes place with great
readiness and completeness. On the other hand, carbonic acid forms

very sparingly soluble salts with almost all metals except those of the

alkali group. If, therefore, salts of those metals with any acids are

brought together with potassium carbonate, the solubility product of

the corresponding metallic carbonate is exceeded, and the latter is

precipitated, while the potassium salt of the acid remains in solution,

from which it can be obtained by evaporation after filtering off the

precipitate.

467. Potassium Bicarbonate. In the aqueous solutions of

potassium carbonate, the ion C03
"

is, as has already been mentioned,

partly converted by the action of the water into the ion HC03

'

;
the

quantity transformed, however, amounts to only a few per cent of the

total quantity. If, however, carbon dioxide be passed into the solution,

the reaction C03
"
+ C02 + H2

= 2HC03
'

takes place almost completely,
and a solution of the acid or primary potassium carbonate, KHC03 ,

is

formed. If the solution was concentrated, the solubility product of this

salt is exceeded, and it is deposited in monoclinic crystals.
The solution reacts fairly neutral, but still not so definitely as that

of a salt of a strong acid, and dilute solutions exhibit even a distinctly
alkaline reaction. This is due to the fact that the first ion of the

dibasic carbonic acid, although much stronger than the second, is,

nevertheless, the ion of a very weak acid. Hydrolysis therefore occurs,

hydrion from the solvent water uniting with HC03
'

to form undissociated

carbonic acid H2C03 ,
or its anhydride C02 . The presence of the last

compound can be easily demonstrated by heating the solution
;
even

before the boiling point has been reached, bubbles of carbon dioxide

are evolved. In proportion as carbon dioxide escapes, more is formed.

By reason, however, of the increasing concentration of hydroxidion,
the equilibrium changes so as to become more and more unfavourable
to carbon dioxide, and the evolution of the gas finally sinks practically
to zero. The ratio of the concentrations at which this occurs depends
on the degree of dilution, more carbon dioxide being evolved the greater
the dilution.

Although, therefore, acid potassium carbonate is partially decom-

posed in aqueous solution, the pure salt is obtained by the careful

evaporation of such a solution. This is due to the fact that when
some of the pure salt has separated from the saturated solution, the

decomposition of the solution must become reversed, for by the separa-
tion some of the undecomposed salt is removed from participation in

the equilibrium, and equilibrium can be re-established only by more of

the salt being formed. This goes on until the solution is evaporated
to dryness, provided there is no deficiency of one of the components,
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especially carbon dioxide. In order, therefore, that pure salt may be

obtained with certainty, an excess of carbon dioxide must be maintained
in the solution, by passing some of this gas into the solution from time

to time.

The above relations receive an application in numerous similar

cases.

On heating dry potassium bicarbonate, also, decomposition occurs,

and, in this case, proceeds further, there remaining ultimately a residue

of pure normal carbonate. The process is represented by the equation
2KHC03

=K
2C03 +H2 + C02 . It proceeds in a perfectly similar

manner to the evaporation of a volatile liquid, and at each temperature
a quite definite pressure is established ;

on this pressure the amounts
of the two solid substances present, normal and acid potassium car-

bonate, have no influence. If for any given temperature that pressure
has been established at which equilibrium exists, and if it be now

attempted to diminish the pressure by increasing the volume, more of

the acid carbonate decomposes until the pressure has again reached

the former value. If, on the other hand, the volume is diminished,
the pressure is only temporarily increased

;
carbon dioxide and

aqueous vapour are absorbed until the original pressure is again
established.

Such a behaviour follows from an application of the phase law.

We are here dealing with three components, and there are three phases

present, viz. the two solid salts and the gaseous mixture. Conse-

quently, there still remain two degrees of freedom, and at each tempera-
ture we can obtain different pressures by suitably changing the com-

position of the gas mixture. So long, however, as this mixture is

evolved from the bicarbonate itself, its composition is constant, since

it consists of equal molecular amounts, and therefore, also, equal
volumes of carbon dioxide and aqueous vapour. We have thereby

disposed of one of the degrees of freedom, and only one now remains,
so that to each temperature there belongs a definite pressure.

If, on the other hand, the composition of the vapour is changed,
the pressure can also be changed even at a constant temperature. The
law for this follows from an application of the theory of chemical

equilibrium. If in the equation 2KHC03
=K2C03 +H2 + C02 the

concentrations of the four substances are designated respectively by a,

b, c, and d, we have the equation a2 = k . bed, where k is the equilibrium
constant (p. 354). Of these quantities, a and b are constant, since

they refer to solid substances
; collecting all the constants, there

follows c . d= K, where K is the new constant, which is still dependent
on the temperature but is no longer dependent on the concentrations

or amounts of the participating substances. Hence it follows that if,

at a given temperature, the concentration of the aqueous vapour in the

gas mixture is increased, that of the carbon dioxide must decrease, and
vice versa, until the product of the two concentrations again assumes its
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former value. The bicarbonate, therefore, will undergo less decom-

position in an atmosphere of aqueous vapour or of carbon dioxide

than in a vacuum or in a foreign gas. This rule is a general one for

decompositions of this kind.

468. Potassium Sulphate, K2S04 , crystallises in anhydrous,
rhombic pyramids which, owing to the presence of hemihedral faces,

look as if they belonged to the hexagonal system. Such imitations,

which are comparable with the mimicry of the lower animals, are not

rare in the case of crystalline substances
;

their significance has not

yet been pointed out.

The salt is rather sparingly soluble in water, and the solubility

increases almost linearly with rising temperature.
Potassium sulphate occurs as a constituent of the double salts in

the German potash beds, and is obtained in the pure state by a crystal-
lisation process. It is used in the preparation of alum (cf. aluminium)
and of potassium carbonate, and as a manure.

When warmed with sulphuric acid it is converted into the acid

potassium sulphate or potassium bisulphate, in accordance with the equa-
tion K2S04 + H2S04

= 2KHS04 . The latter is a salt which is readily
soluble in water, and melts at 200. On being further heated it loses

water and passes into potassium pyrosulphate, K
2S2 7 (p. 320),

which decomposes at a red heat into normal salt and sulphur trioxide.

This is a method of preparing the anhydride from sulphuric acid
;

since

the direct preparation of the latter (p. 311) was introduced this process
has lost its technical importance.

Acid potassium sulphate is used in analysis because at the tempera-
ture of fusion it has a powerful solvent and decomposing action on

many substances, especially basic oxides and silicates. Its action is

considerably superior to that of sulphuric acid. This is due to the

fact that the temperature can be raised to a higher degree ;
for in the

case of sulphuric acid a limit is set by the boiling point, 326.
The aqueous solution of potassium bisulphate has a strong acid

reaction because the anion of this salt, HS04', partially dissociates into

H' and S04
"

; hydrion is thereby produced in the liquid, and exhibits

its reactions. Accordingly, the ions of the normal sulphate, 2K' and
S04", are also present in the solution, and since this salt is less soluble

it may be deposited under favourable conditions. This is the case,

for example, when a not quite saturated solution of the acid salt is

prepared at the boiling temperature, and the liquid allowed to cool.

The same reaction occurs when the acid salt is allowed to lie in the

air on a porous surface, e.g. on a brick. The solution, rich in sulphuric
acid, is drawn into the brick, and the normal potassium sulphate
remains behind.

469. Potassium Persulphate, K2S2 8 . The formation of this salt

in the electrolysis of acid potassium sulphate has already been described

(p. 321). It is rather sparingly soluble in water, and exhibits the
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oxidising actions of persulphuric acid
;

it therefore finds application in

photography and in some other departments of the arts. When pure,
it can be kept unchanged ;

but its decomposition appears to be cata-

lytically accelerated by certain substances, so that impure specimens

rapidly become moist in the air and deliquesce, oxygen being evolved

and acid sulphate being formed : 2K
2S2 8 + 2H2

= 4KHS04 + 2 .

470. Potassium Sulphite. Of the different salts which sulphurous
acid can form with kalion, potassium pyrosulphite, K

2S2 5 ,
is the

only one of importance. It is obtained by saturating a warm, con-

centrated solution of potassium carbonate with sulphur dioxide ;
on

cooling, the salt crystallises in large, transparent, and anhydrous

crystals. It is employed in photography, and has the advantage that

it oxidises only very slowly in the air, while other sulphites are much
less stable in this respect. It dissolves in water, and yields a solution

of acid sulphite, i.e. a solution containing the ions HS03
'

and K*.

471. Potassium Sulphide. If a solution of caustic potash is

saturated with sulphuretted hydrogen, so much of this is absorbed that

the salt KHS, potassium hydrosulphide or the acid salt of sulphuretted

hydrogen, is formed. By evaporation it can be obtained as a very

deliquescent salt, containing JH2 of crystallisation. If as much
caustic potash is added as had been originally taken, and the solution

evaporated, potassium sulphide, K2S, which is also very soluble, can be

obtained with 5H2 of crystallisation. Anhydrous potassium sulphide
is obtained by the reduction of potassium sulphate with pure charcoal ;

K
2S04 + 40 = K

2S + 4CO. It is, however, very difficult to obtain a

pure product, because the fused potassium sulphide attacks vessels of

all kinds and becomes contaminated with the constituents of these.

The aqueous solution of potassium sulphide has a strongly alkaline

reaction, and for the most part does not contain the ions K' and S".

On the contrary, the latter react with the solvent water and form HS'

and OH', so that the solution contains hydroxidion in large quantity.

Here, as in all such cases, we are dealing with a chemical equilibrium
in which all possible ions are present sulphidion, S", therefore, as

well
;
the amount of the latter is, however, very small.

The solutions of potassium sulphide rapidly oxidise in the air, the

sulphide being converted into the potassium salts of the oxygen acids of

sulphur. In the first instance, thiosulphanion (p. 323) is formed from

the ion HS' by the absorption of oxygen : 2HS' + 202
= S2 3

' + H20.

In analytical chemistry, potassium sulphide is employed in order to

obtain those sparingly soluble metallic sulphides which are decomposed

by acids: e.g. K2S + FeCl2
= FeS + 2KC1. For this purpose, it is of

no consequence that only a small amount of sulphidion is present in the

solution, for when this is removed in the precipitate, a fresh quantity
is immediately formed from HS' and OH'. For the above reaction,

however, potassium sulphide is less used than the similarly acting

ammonium sulphide, since the latter, or its products of transformation,
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can be much more readily removed from the analysis than can potas-
sium sulphide.

If a solution of potassium sulphide is warmed with sulphur, large

quantities of the latter are taken up, and the potassium salts of the

ions S4
"
and S5

"
are formed, according to the amount of sulphur dis-

solved. They are all characterised by the fact that they give yellow-

red solutions. If the liquids be poured into hydrochloric acid, the

corresponding acids H2S4 and H2S5 separate out as oily liquids, which

decompose very readily into sulphur and sulphuretted hydrogen, and

are not known in the pure state. If, on the other hand, the hydro-
chloric acid is added to the sulphide solutions, sulphur and sulphuretted

hydrogen are immediately obtained. The former is very finely divided,

and constitutes milk of sulphur (p. 284).

The peculiar difference of these two reactions is due to the fact

that, in the first case, the acids formed, H2S2 to H2S5 ,
are always in

contact with the acid liquid ;
in the second case, with the liquid con-

taining potassium sulphide. The latter, however, acts catalytically

on the polysulphides of hydrogen, and accelerates their decomposition
into sulphuretted hydrogen and sulphur.

472. Potassium Nitrate, KN03 ,
or saltpetre, is, along with common

salt, one of the longest known salts. The reason of this is that the

materials necessary for its formation (p. 346), viz. nitrogenous animal

matter (dung) and potash salts (ashes), accumulated around the dwell-

ings of man even at a period of very low civilisation, so that the salt

produced soon presented itself to observation. The nitranion is formed

from ammonia under the action of certain bacteria (saltpetre bacteria),

which promote the oxidation of the ammonia by the oxygen of the air.

If no compounds of potassium are present, other nitrates are formed,

especially calcium nitrate, by means of the almost never-failing calcium

compounds.
From such places of its formation, whether formed by chance or

purposely, the saltpetre is obtained by extraction with water, whereby
use is again made of the principle of counter-currents (p. 484). It

is separated by crystallisation from the other substances which are

extracted along with it, an operation which is greatly facilitated by
the great difference of its solubility at different temperatures. The
amount of saltpetre obtained in this way, is, however, comparatively
small.

In the pure state, potassium nitrate is a colourless salt, which

crystallises in rhombic, anhydrous crystals. The crystals often

enclose mechanically portions of the
"
mother liquor," i.e. the solution

from which they are formed, cavities being left in the crystals in their

growth, in which the solution is then enclosed. The enclosed liquid
cannot be got rid of by drying the crystals. These liquid enclosures

contain all the impurities of the mother liquor, so that the salt obtained

is less pure than the substance of the crystals itself
;

their formation
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must therefore be, as far as possible, avoided. From this there follows

the rule that for purposes of purification, not large but small crystals
must be formed ;

this happens when the crystallising liquid is quickly
cooled and kept in movement, so that the crystals formed are separated
from one another, and by the breaking off of small particles give rise

to new crystals.

At the present time, saltpetre is chiefly obtained from sodium
nitrate or Chili saltpetre, solutions of this salt being mixed with solutions
of potassium chloride.

From the mixed solu-

tion which contains the

ions K', Na', Cl', and
N03', that salt will be

first deposited whose

solubility product is

first exceeded. On com-

paring the solubility
curves of the four salts

which are represented
in Fig. 114, the solu-

bilities being given in

moles, it is seen that

at higher temperatures
sodium chloride has the

lowest molecular solu-

bility ; on evaporating
down the solution by
heat, common salt will,

therefore, be deposited.

10

KCl

NaCL

100 C,

FIG. 114.

When the concentration of the ions Na' and Cl' has thereby become
so small that their product approaches the value of the solubilityproduct,
the solution is allowed to cool down. At low temperatures potassium
nitrate is obtained. The mother liquor, from which a large part of

the ions K" and N03
'

have now disappeared, can be again made to

deposit sodium chloride at the temperature of boiling, and in this way
it is possible to effect the complete transformation of the two salts.

The same method of purification is used for the crude saltpetre
obtained by the action of bacteria, since in this case also the chief

impurity is generally common salt.

On account of the large amount of oxygen it contains, and which
it readily yields up, saltpetre is used for the preparation of mixtures

which burn without the aid of the atmospheric oxygen. Such mixtures
are used in the manufacture of fireworks, and as explosives for blasting
and shooting. Whereas, formerly, saltpetre was almost the only
substance which could be used for such purposes, a large number of

other substances which can be employed are now known, so that the
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importance of potassium nitrate has greatly decreased compared with

formerly, especially as. it has been replaced by the cheaper sodium
nitrate in the preparation of nitric acid and its derivatives.

The most important explosive mixture was for long that consisting
of saltpetre, sulphur, and charcoal, and called gunpowder. Such a

mixture burns suddenly when ignited, the sulphur and the carbon

combining with the oxygen of the saltpetre ; gaseous carbon monoxide
and nitrogen are thereby formed, and the sudden increase of volume
or of pressure thus produced is the cause of its action in blasting and

shooting. It is a case of the conversion of chemical energy into

mechanical, and the importance of gunpowder and all such substances

depends on the fact that considerable amounts of transformable

chemical energy can be obtained in a very short time from compara-
tively small amounts of such substances.

The three constituents of gunpowder are mixed in such a way
that the reaction 2KN03 + S + 2C =K2S04 + N2 + 2CO chiefly occurs.

According to the combining weights of the substances named, the pro-

portions would be 202 : 32 : 24, or 1 : 0-159 : 0-119
;

the proportions
which are actually used vary, but are, on the average, 1 : 0-16 : 0-16.

In the preparation, however, pure charcoal is not employed, but a

product obtained by the very slight carbonisation of thin pieces of

wood, which still contains large quantities of hydrogen and ash. For
this reason, the chemical process pursues a more or less different course

from that given in the equation ;
in particular there are formed, besides

potassium sulphate, compounds containing less oxygen and even

potassium sulphide.
The three moles of gas formed in accordance with the simple

equation occupy, under atmospheric pressure and at 0, a volume 3 x

22-4.103 = 67-2.103 c.c., while the 258 gm. of the mixture occupy scarcely
100 c.c., i.e. about y^th of the former volume. The very considerable

pressure which thereby results, and which is produced by the combustion
of the gunpowder in a confined space, is further largely increased by the

fact that owing to the heat of reaction, the temperature rises to con-

siderably above a red heat. This occurs to all the greater extent the

more rapid the combustion, since less heat is conducted away by the

walls of the vessel. From the heats of formation of the reacting sub-

stances, the heat of reaction can be calculated to be 686 Jcj.
If this

amount of energy were completely convertible into kinetic energy,
1 gm. of gunpowder would suffice to project a ball 1 kilogm. in weight
with a velocity of 16 x 104 cm./sec., or 1-6 kilometre/sec. As a matter
of fact, only a portion of the energy is utilised, since the gases produced
leave the gun at a fairly high temperature ; besides, it is not yet known
what part of the total energy is present as free energy, i.e. is convertible

into other forms of energy (p. 236).

Saltpetre melts at 339, and at a higher temperature it loses oxygen,
and passes into potassium nitrite (which see). This reaction is of



xxm POTASSIUM 493

historical interest, because Scheele, the discoverer of oxygen, first

obtained the pure gas in this manner.

In order to show this evolution of oxygen, saltpetre is melted in

a thin-walled tube over a strong flame, and the liquid is heated until

the evolution of gas is observed. If, now, small pieces of sulphur are

thrown on the fused mass, they burn with an exceedingly dazzling

light, and potassium sulphate is formed, as well as lower oxidation

compounds of nitrogen, which escape in the form of brown fumes.

473. Potassium Nitrite, KN02 ,
was for a long time the most

largely used salt of nitrous acid, and was employed for all purposes
for which that acid was used, more especially in the preparation of

artificial dyes. In recent times it has been replaced by the cheaper
sodium nitrite. Potassium nitrite is a yellowish salt, very readily

soluble in water, and is obtained from potassium nitrate by heating
this with reducing substances, usually with lead (p. 357). Since it

does not crystallise well, it is generally sent into the market cast into

sticks. The aqueous solution reacts alkaline, for nitrous acid is a weak

acid, and its salts are appreciably hydrolysed in aqueous solution.

474. Potassium Silicate. Caustic potash and potassium car-

bonate fuse together in all proportions with silicon dioxide to form

glassy masses which, if they do not contain too much of the latter

substance, dissolve in large amounts on prolonged boiling with water,

forming syrupy liquids. It is not possible to detect any definite com-

pounds in these. From the alkaline reaction of the solutions, it can

be inferred that the potassium silicate present is partially dissociated

hydrolytically ; by means of dialysis it is found that a portion of the

silicic acid is present in the colloidal state, and the electrical conductivity
shows that a given solution, on being kept, undergoes change in such

a way that more hydroxidion and colloidal silicic acid continue to be

formed, for the conductivity increases l when the solution is kept and

external influences carefully excluded.

The concentrated solution of potassium silicate is placed on the

market under the name of water glass, since in the air it dries up to a

glassy mass. It effects a kind of silicification in substances soaked in or

painted over with it, and is therefore extensively applied in the arts.

475. Potassium Silicofluoride. As has already been mentioned,

solutions of hydrofluosilicic acid give, with kalion, precipitates of

the very sparingly soluble salt K
2SiF6 . The reaction must be carried

out in acid solution, since alkaline liquids decompose hydrofluosilicic

acid (p. 456).

The precipitate of the potassium salt has an unusual appearance,
for it is almost invisible in the liquid, and when it is observed in some

1
Hydroxidion causes at least twice as great a conductivity as any other anion in

equivalent amount, as has been found from the investigations of this point. Since the

formation of other anions of great conductivity is excluded here, it must be concluded

from the increase of the conductivity that there is an increase of hydroxidion in the

manner given.
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quantity in a transparent vessel, it forms a translucent mass exhibiting
a play of pale colours which reminds one of opal. The cause of this

is that the index of refraction of this salt is very nearly the same as

that of water. If there is placed in a liquid a solid powder which has

nearly the same power of refraction as the liquid, interference colours

are produced by the partial mutual extinction of the different rays,
and the light which remains is correspondingly coloured. The variation

in the size of the particles is the reason that different rays are

extinguished, and to this the iridescence is due.

Very similar to this salt is the potassium salt of hydrofluoboric

acid, KBF4 (p. 460).

476. Potassium Cyanide. On heating potassium with substances

which contain nitrogen along with carbon, potassium cyanide, KCN,
the most important salt of cyanidion, is formed (p. 443). It was

formerly chiefly prepared by heating potassium carbonate with nitro-

genous charcoal, obtained by the carbonisation of horn, leather, or other

animal substances. Since potassium carbonate and charcoal yield
metallic potassium the reaction is the same as the former mentioned.

The product contains very impure potassium cyanide, and since this

does not readily crystallise and is therefore difficult to purify, the

potassium cyanide present was converted by heating the aqueous solu-

tion with iron compounds into a salt of complicated composition,

potassium ferrocyanide, or yellow prussiate of potash (vide iron), which
can be easily purified by crystallisation. From this, pure potassium
cyanide is again recovered,

At the present time, when a large demand for potassium cyanide
has arisen for the purposes of gold extraction, other methods of pre-

paration have been sought for. Cyanogen compounds are formed, in

general, at very high temperatures when the elements carbon and

nitrogen are present (p. 444) ; thus, for example, considerable quantities
of potassium cyanide are formed in the iron blast-furnaces. On the

manufacturing scale, it can be obtained by passing ammonia over a

mixture of potassium carbonate and charcoal at a high temperature.
Further, barium cyanide is formed from a mixture of barium carbonate,

charcoal, and free nitrogen at the temperature of the electric furnace
;

the product is converted into potassium cyanide by means of potassium
carbonate or sulphate.

Potassium cyanide is a white, very soluble salt, whose aqueous
solution has an alkaline reaction and smells strongly of hydrogen
cyanide. This is due to the fact that hydrocyanic acid is an extremely
weak acid, whose salts are partially dissociated hydrolytically in aqueous
solution

;
the carbonic acid of the air also has a decomposing action

on the salt. Potassium cyanide is a powerful poison ;
in spite of this

it is largely employed in the arts. It is used in photography to dissolve

silver salts, also in electroplating with metals, especially in gilding and

silvering, and finally, in very large amounts, for extracting the finely
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divided gold from the auriferous beds, especially in South Africa.

Since all these applications depend on the formation of definite com-

pounds with the heavy metals named, they can be explained in detail

only under these metals.

In analytical and preparative chemistry, potassium cyanide is used

as a powerful reducing agent, which allows of many metals being

separated from their oxides and sulphides at its temperature of fusion.

It is converted in the process into potassium cyanate and potassium

thiocyanate respectively.
As to potassium cyanate, the essential points have already been

given (p. 445). It is a white salt, readily soluble in water, which on

being acidified evolves carbon dioxide, while an ammonium salt is

formed in the solution. This reaction, which depends on the trans-

formation of cyanic acid, has also been already explained at the place
cited.

Potassium thiocyanate, or sulphocyanide, KSCN, is the salt chiefly

used in the applications of thiocyananion, SON'. It is a colourless

salt which readily dissolves in water, at the same time producing a

very considerable fall of temperature. It is easily obtained by heating

potassium cyanide with sulphur.
477. Potassium Oxalate. Oxalic acid forms with potassium not

only the two salts which, according to the dibasic nature of the acid,

are to be expected, but also another salt which can be regarded as a

compound of oxalic acid with acid potassium oxalate. Of the salts of

oxalic acid, those with potassium are the best known, because they
occur in the juices of various plants, from which they were early pre-

pared, and have led to the knowledge of oxalic acid.

Normal potassium oxalate, K2C2 4 + H20, is a white salt soluble in

water, and is used in photography.
Acid potassium oxalate, KHC2 4 + JH20, is called salt of sorrel,

because it was first obtained by evaporation and crystallisation from

the juice of the wood-sorrel. It is less soluble than the normal salt,

and is used for removing iron and ink stains, since it converts iron salts

into soluble (complex) compounds.
Potassium tetroxalate is the name given to the salt KHC2 4 . H2C2 4 +

2H
20, which is easily obtained by mixing one of the previous salts with

the necessary excess (or rather more) of oxalic acid in warm, concentrated

solution. It then quickly crystallises out, since it is rather sparingly
soluble. This salt is used in volumetric analysis in place of free oxalic

acid, because it does not effloresce so readily as the latter, and allows

therefore of definite amounts being accurately weighed out.

If two equal amounts of acid potassium oxalate are weighed out,

and one converted, by heating, into potassium carbonate and then dis-

solved along with the second portion, a liquid having a perfectly neutral

reaction is obtained, after the carbonic acid is boiled off. This is a

proof that in the acid oxalate exactly half as much potassium is
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contained as is necessary for the preparation of the normal salt. In

this simple manner, the law of multiple proportions (p. 171) was proved

by Wollaston as early as the year 1808.

478. Other Compounds of Potassium. On account of its great

tendency to form ions, potassium can form non-saline compounds only
in the absence of water, and all these compounds possess the property
of decomposing in contact with water in such a way that kalion is

formed along with the corresponding other substances. Of such com-

pounds the following have to be mentioned.

Potassium peroxide is formed by the combustion of potassium in

dry oxygen. Its composition varies between the amounts represented

by the formulae K2 3 and K2 4 . In water it dissolves with evolution

of oxygen and formation of hydrogen peroxide.
Potassium hydride, K2

H or K4H2 ,
is formed when hydrogen is

passed over potassium at a temperature of about 300. It forms a

mass with a metallic lustre, and again loses its hydrogen at fairly high

temperatures. The pressure of the hydrogen increases with rise of

temperature, but is not independent of the degree of decomposition,
as in the case, for example, of salts with water of crystallisation, but

diminishes as the decomposition proceeds. This is due to the fact

that at these temperatures the substance is liquid, and is a solution

of potassium and potassium hydride of varying composition. Just as

the vapour pressure, for example, of hydrated sulphuric acid varies

with the proportions of water and sulphuric acid in the liquid, and

diminishes, therefore, when, at a given temperature, an increasingly

large part of the water is allowed to pass into vapour, so the pressure
of the hydrogen from the liquid mixture diminishes in proportion as

the latter becomes less rich in hydrogen.
This follows on applying the phase law to the case in question.

There are two components and two phases, viz. the liquid mixture

and the hydrogen gas. Consequently there are still two degrees of

freedom present, i.e. at a given temperature, different pressures can

exist depending on the composition of the liquid.

With water, potassium hydride forms potassium hydroxide and

hydrogen. It very readily ignites in the air.

By the action of metallic potassium on ammonia gas, a greyish

green mass of potassamide is formed in accordance with the equation
2K + 2NH3

= 2KH2
N + H2

. This compound can be regarded as

ammonia, in which one combining weight of hydrogen is replaced by
potassium. It is very reactive, and is used for the preparation of

other nitrogen compounds, especially in organic chemistry. By the

action of nitrous oxide it is converted into the potassium salt of

hydrazoic acid: KH2N + N2
= KN3 + H2 (p. 375). With water,

potassamide decomposes, forming potassium hydroxide and ammonia :

KH
2
N +H2

=KOH +NH3 .



CHAPTEK XXIV

SODIUM

479. General. The chemical relations of sodium are very similar to

those of potassium, so that for chemical purposes the one metal can

in most cases replace the other. This holds good especially for those

reactions in which the ions come into account. The reason of this is

that natrion also represents a far more stable state than metallic sodium,
and the reactions of this element, as in the case of potassium, are there-

fore chiefly characterised by the fact that the ion is formed with especial
readiness from the metal, but the metal only with difficulty from the

ion. Since, further, the state of the salts in the solid form approaches
more nearly to that of the ions than to that of the metal, sodium, like

potassium, will be easily transformed from one of its salts into another,
but will be converted only with difficulty from a salt into the metal

or a compound closely related to this.

Metallic sodium does not occur in nature, since it would everywhere
have an opportunity of exercising its tendency to pass into natrion.

Natrion, however, has an extensive distribution, and, along with

chloridion, with which it occurs in sea-water, it may be regarded as

the most abundant ion in those parts of the earth's surface which are

accessible to us.

In more remote times, the compounds of the two elements potas-
sium and sodium were confused with one another. When it was
'Mined how to distinguish them (p. 465), caustic potash was known as

r .(.-. vegetable, and caustic soda as the mineral alkali, because the former

vas obtained chiefly from the ash of plants, the latter from common
salt. It was later found by Klaproth that both elements are present
in the mineral kingdom. So far as the vegetable kingdom is concerned,
<u; essential difference does certainly exist between the two elements,
i< compounds of potassium must be present in considerable amount in

plants in order that these may develop normally. Sodium compounds,
it is true, are never wanting in plants, but they are more chance con-

stituents which pass into the plants from the soil, in which they are

always present, and seem not to play any particular part in them.

497 2 K



498 PKINCIPLES OF INORGANIC CHEMISTRY CHAP.

Although, therefore, normal vegetation may be hindered by a complete
exclusion of sodium compounds (although no indubitable evidence

on this point exists), it is certain that the quantities of sodium which

may possibly be necessary for a plant are incomparably smaller than

the amounts of potassium which are indispensable.
The cause of this difference may be found in the following circum-

stance. Whereas the soil in which plants thrive has the remarkable

property of withdrawing dissolved potassium compounds from solution,

and retaining them in such a way that they can be taken up only in

a very slight degree by water, the behaviour is quite different with

respect to the sodium compounds. These are not retained by the soil,

but filter through without difficulty. Whereas, therefore, the amount
of potassium compounds in the soil is considerable and almost inde-

pendent of chance conditions, the amount of the sodium compounds is

subject to variation and to chance. On the principle of the survival

of the fittest, it is intelligible that the chemical requirements of the

plants, the satisfaction of which is effected by an alkali metal (or its

ion), should be supplied by the constantly present potassium, since

organisms whose life depended on utilising sodium compounds would
die out by reason of the readily occurring lack of these.

The accumulation of natrion in sea-water is due to the same cause.

When in the decomposition of the rocks by water and carbonic acid,

described on p. 451, the alkali metals pass into solution in the form of

their ions, they follow, in the first instance, the general movement
of the water towards the ocean. The potassium, however, is mostly
retained on the way, because it is seized hold of by the soil

;
the sodium,

however, passes on unhindered to the sea, and is deposited again in

the solid form only in rare cases, viz. when the sea-water is concentrated

by evaporation until the solid salt forms.

Cases of this have occurred, especially in former geological periods,
and have given rise to beds of rock-salt or sodium chloride, the two
ions which are present in greatest abundance in sea-water having been

deposited together as solid salt.

480. Metallic Sodium, We have already, on several occasions,

become acquainted with metallic sodium as a silver white, soft, and

readily fusible metal, which reacts energetically in contact with water,
and just as readily forms compounds with many other substances. It

behaves, in general, quite similarly to potassium, from which it is dis-

tinguished by the somewhat inferior violence of its reactions.

Thus, sodium does not take fire when thrown on water
;
it does so,

however, if its motion and the cooling which is thereby effected is p]]-
vented. This happens when the metal is placed on wet paper or on an

aqueous jelly of glue or of starch. The evolved hydrogen as well as%a

portion of the metal then burns with a bright yellow flame, and all the

flames in a room in which such a combustion has occurred burn dis-

tinctly yellow for a considerable time. This is due to the fact that
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the dissipated sodium compounds colour the flames yellow, even when

present in the minutest quantities (p. 128).

Sodium melts at 97-5, and boils at about 740. The accurate

determination of its vapour density is difficult, but the experiments
which have been made agree in showing that the molar weight of

sodium vapour is 23, or equal to the combining weight. This identity
is a general property of the metals, so far as these are known in the

vapour form, and less doubtful cases of the confirmation of this rule

will be given later (cf. zinc).

By mixture with other metals, the melting point of sodium is

lowered. This is especially well seen on adding potassium ;
in this way

alloys can easily be obtained which are liquid at the room temperature.
This phenomenon is by no means to be explained as a consequence

of chemical combination between the metals
;

on the contrary, it is

the simple consequence of the perfectly general fact that the melting

point of every substance is lowered by the addition of such substances

as are soluble in the liquid form of the first substance. If the melting

point of the pure substance is not too high above room temperature,
it may be lowered to below this temperature, and the phenomenon in

question makes its appearance.
The first preparation of metallic sodium was effected by Davy by

means of the voltaic pile at the same time as that of potassium (p. 465).

Shortly afterwards the method of obtaining it by distillation of sodium
carbonate with charcoal was discovered, corresponding to the method
mentioned under potassium. Since about 1860, sodium has been

obtained on the large scale by this method, the metal being used for

preparing aluminium. Recently, however, the electrical method has

again been adopted, and sodium is obtained by the decomposition of

sodium hydroxide by means of the electric current. By reason of the

comparatively small cost of electrical energy, combined with the good

yield obtained, sodium can be obtained more cheaply by this than by
the old method. It is remarkable that this method is identical with

that by which sodium was first prepared, for on that occasion also,

sodium hydroxide was the initial substance.

The electrolysis is carried out in iron pots divided by permeable
rtitions. At the anode oxygen escapes, at the cathode sodium and

hydrogen are formed. The separated metal is lighter than the liquid

ydroxide, and therefore floats to the surface
;
it is skimmed off from

lime to time.

Sodium can also be obtained by the electrolysis of fused sodium

3hloride. Much difficulty, however, is caused by the high melting

point of this salt. The melting point can be lowered by mixing it

\\ith potassium chloride
;

mixtures of sodium with a little potassium
are then obtained, but not the pure metal. For this reason, successful

attempts have also been made to employ the readily fusible sodium

nitrate for the electrolysis.
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Metallic sodium is largely used in the arts and in the laboratory.

Its former importance for obtaining other difficultly reducible metals

has been lost, since the object can generally be attained more readily

by means of magnesium or aluminium, or by the electrolytic method.

It is used, however, as a powerful reducing agent in many reac-

tions in organic chemistry, and for obtaining reactive intermediate

products.
For these purposes, the metal is best employed in a condition in

which it offers a large surface. Since, on account of the softness of the

metal, it cannot be reduced to small pieces by blows or by filing, it is

forced, by means of an iron screw press (Fig. 115), through narrow

openings, and is thus obtained in

the form of wire or of ribbon,

according to- the shape of the

opening. Since in this state the

metal very rapidly oxidises in the

air, the wire is allowed to fall

directly into the liquid on which

it is to act, or it is collected in

a liquid which does not contain

oxygen. Petroleum, which is

usually employed for this pur-

pose, has the disadvantage that

it is difficult to remove ;
for

chemical purposes, therefore, it

Flo 115 is better to use readily volatile

hydrocarbons obtained from the

low -boiling portions of petroleum (so-called petroleum benzine or

petroleum ether).

481. Natrion. The description of the general characteristics which

was given for kalion can be applied almost word for word to natrion.

This also is a univalent ion, which is colourless, and forms, almost

exclusively, readily soluble salts. In this respect it is even superior to

potassium, since there is scarcely a sparingly soluble salt of sodium

known by means of which this ion could be readily and certainly

detected. Further, there is no compound of sodium known which is

formed in aqueous solution, by the colour of which it is possible to

detect natrion. This is due to the fact that in all aqueous solutions

which contain sodium, that element is present in the form of natrion,

or, in other words, no sodium compound can be dissolved in water

without being converted for the most part into natrion.

The detection of sodium in analysis would, therefore, be a matter of

difficulty if it were not that there is another property by means of

which it is rendered very easy. This is the yellow coloration which

is imparted to a flame through the presence of sodium (p. 499). To

what form or compound of sodium this yellow light has to be ascribed
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has not yet been determined with certainty, although it is very probably
due to the incandescent vapour of elementary sodium

;
for the purposes

of analysis the fact is sufficient that all sodium compounds give rise to

this phenomenon in flames containing oxygen.
To carry out the experiment, the substance to be investigated is

introduced into the non-luminous flame of the Bunsen burner
;

if it is

in the form of a liquid solution, this is evaporated, and the residue

tested. As a carrier for the substance, a thin platinum wire is used,

the end of which is bent into the form of a loop.
It is soon found that the faint blue colour of the Bunsen flame is

coloured yellow by almost all substances. If the platinum wire has

lain for some time in the air so that it is covered with some dust, it

also imparts a yellow coloration to the flame, but this coloration soon

disappears. It is only necessary, however, to draw the wire, cleaned

by heating in a flame, between the fingers, when it again acquires the

above property for some moments.
This is a consequence, on the one hand, of the wide distribution

of sodium, and, on the other hand, of the great sensitiveness of the

flame coloration. By evaporating some sodium into a large space
and determining the point at which a Bunsen flame burning in

this space just began to show the coloration, the fact could be

established that less than 3 x 10
~ 10

gin. of sodium is sufficient to give
this reaction.

The difficulty which is caused by the wide distribution of small

quantities of sodium in cases where we are dealing with the detection

of comparatively large amounts of this element in a specimen given,
can be overcome by observing the length of time during which the

yellow coloration lasts.
^
Whereas the accidental traces of sodium in

dust and in almost all substances give rise to only a feeble coloration

which quickly disappears on account of the volatility of the sodium

compounds, appreciable quantities of sodium, of the order of 1

milligm., produce a brightly luminous yellow flame which lasts for

a considerable period with undiminished brightness. By a few ex-

periments made with known quantities of sodium compounds, the

hemist learns once for all to distinguish between these phenomena.
This method, of course, cannot be employed for the quantitative

determination of sodium. In this case the two alkali metals, potassium
and sodium, are generally separated as salts of the same nature (e.g. as

chlorides), weighed together, and the amount of potassium determined

by means of the methods described on p. 471 ;
the difference gives the

;i mount of sodium.

482. Spectrum. When the yellow light of the sodium flame is

e amined by means of a prism (p. 140), it is found to be homogeneous,
for only one (yellow) image of the source of light is obtained. This

shows that light of only one frequency is present. If, however, the

solution is carried further by means of apparatus of very high disper-
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sion, two images are observed very close together. Yellow sodium

light, therefore, is made up of light of two very slightly different

frequencies.
Of exactly the same nature is a dark line in the yellow of the

solar spectrum, which is obtained by examining sunlight which has

passed through a narrow slit, by means of a prism. Whereas, under

these conditions, the light given by incandescent solid (or liquid) bodies

yields a continuous spectrum, i.e. a coloured band in which the images
of the slit, consisting of colours of all frequencies, follow each other

without break from red to orange, yellow, green, blue, and violet, the

light from the sun is discontinuous. In this case, certain colours, or

light of certain frequencies, are missing from the coloured band, so

that at these points dark images of the slit appear, which form dark

lines across the spectrum parallel with the slit.

Similar dark lines can be produced artificially by allowing the

continuous light of an incandescent body to traverse a hot gas which of

itself gives bright lines. These dark lines also appear at exactly the

same points as the bright lines. Thus, a dark line in the yellow is

obtained by bringing the flame of a spirit-lamp, on the wick of which

some sodium salt has been strewn, before the incandescent fibre of an

electric lamp, and regarding this through the sodium flame by means
of a prism.

The cause of the production of these dark lines is found in the law

(established by Kirchhofl in 1860) that substances which emit definite

rays especially strongly, also absorb these same rays with especial

completeness, the radiant energy being converted into heat or chemical

work. Or, to state it differently, emission and absorption depend in

the same way on the oscillation frequency or the wave length.
In the experiment described above, the production of dark lines is

due to the fact that of the continuous strong light of the incandescent

carbon filament certain yellow rays are absorbed by the yellow alcohol

flame and transformed into heat. At this point of the spectrum,

therefore, only so much light is obtained as is emitted by the alcohol

flame
;
and if this amount is less than the corresponding portion of the

light from the carbon filament, the part appears dark in comparison
with the surrounding portions. To ensure the success of the experi-

ment, therefore, the continuous spectrum must be very bright, but the

absorbing gas mass only slightly luminous.

From these considerations, it is concluded that the sun consists of

a highly luminous and therefore very hot core, which yields a con-

tinuous spectrum. It is, therefore, probably liquid or solid. This

core is surrounded by a gaseous mantle at a lower temperature and

possessing feebler luminosity ;
in which the vapours of those substances

are present the bright lines of which correspond to the dark lines of

the solar spectrum. In this way the presence of more than half the

elements found on the earth has been recognised in the atmosphere



xxiv SODIUM 503

of the sun. The chief elements present are hydrogen, sodium, calcium,

magnesium, iron.

483. Indirect Analysis. If it is known that only the two elements

sodium and potassium are present, the method of indirect analysis may
be employed for the estimation of the two together. This is based on

the fact that different amounts of the corresponding compounds of the

two elements are required in order to react with equal quantities of

another substance. Accordingly, also, they yield different amounts of

corresponding compounds when they are transformed together. A few

examples will make this clear.

Since the combining weight of sodium hydroxide or caustic soda

is 40-01, and that of caustic potash 56-11, 1 gm. of the former will

require 1/40-01 lit. or 24-92 cc., and 1 gm. of the latter will require

1/56-11 lit. or 17-78 cc., of normal acid solution for complete neutral-

isation (p. 214). A mixture of the two hydroxides will require an
amount intermediate between these two. In 1 gm. of the mixture,
let there be x gm. of caustic soda, and therefore (1 -a?) gm. of caustic

potash, then the quantity of acid used will be 24-92x + 17-78 (I -x) cc.

If, therefore, the quantity of acid, S, necessary for neutralisation of

the mixture is determined, the magnitude x may, conversely, be

calculated. For from the equation 24-92x + 17-78 (l-x) = S, there

follows z = (S-17-78)/7-14.

If, for example, 21-40 cc. acid have been used, there follows

x = 0-507.

Similar relations hold in the combined transformation into other

compounds. For example, let a mixture of the two chlorides be given,
and let these be converted into the corresponding sulphates by
evaporation with sulphuric acid and strongly heating. The ratio of

the weights 2NaCl : Na2S04 would then be equal to 116-92 : 142-06,

or 1 : 1-215, while in the case of potassium the ratio would be

149-12 : 174-26 or 1 : 1-169. If from 1 gm. of an unknown mixture

of the two chlorides the weight S of the mixed sulphates is ob-

tained, there holds the equation l-215aj + 1-169(1 -x) = S, and x =

(S-l-169)/0-046.
If we denote, generally, a number of this kind, which corresponds

i-.o the reaction of the sodium salt, by n, and by Jc the corresponding
number for the potassium salt, while S is the number for the mixture,
we obtain the general equation x = (S

-
k)/(n

-
k).

Such an indirect analysis is always less certain than a direct one.

This is due, on the one hand, to the fact that the supposition must be

made that the given mixture contains only the two substances supposed,
and no others

; and, on the other hand, to the fact that the accuracy of

the value sought, x, is, necessarily, less than that of the magnitude
measured, S, while in the case of direct analysis, the two magnitudes
are proportional to one another, and have, therefore, the same degree
of accuracy. In other words, if in the determination of potassium as
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potassium platinochloride, an error of T^th is made in the weight of

this compound, the amount of potassium calculated from it will also

be wrong to the extent of y^^th. If, however, an error of ytroth ig

made in the determination of S, the error in the calculation of x will

be greater. In the first example, it amounts to 4 per cent, in the

second to more than 20 per cent, of which one can easily convince

one's self by performing the calculation. This is due to the fact that

the magnitude sought, x, is proportional not to the measured value, S,

but to the difference S - k, as the formula shows. If, for example, k is

half as great as S, an error of one hundredth in S will be equal to an

error of two hundredths in S - k, and, accordingly, the determination

of x will be erroneous to the extent of two hundredths of its value.

In general, the relative error in the result is to that in S as S is to

S - k, and it becomes all the greater the smaller the differences S - k.

The practical rules for the choice of indirect methods, which can

be deduced from the above, will not be given here
;
on the contrary,

it may be left to the student to think these out.

484. Sodium Hydroxide. The properties of this important

compound have already been described ; along with caustic potash,
it forms the type of a strong base.

Towards water, caustic soda behaves in the same way as caustic

potash ;
it dissolves with great evolution of heat to form a very con-

centrated solution, from which a hydrate 2NaOH,7H2 separates
out in the cold. On evaporation by boiling, the solution passes, as in

the case of caustic potash, into the fused, anhydrous compound ;
the

reason of this behaviour, which differs from that which is usual in

the case of solutions of solid substances, is the same as in the

case of caustic potash. In moist air caustic soda takes up water and

deliquesces, but it resolidifies again by absorption of carbonic acid

much more quickly than deliquesced caustic potash, because the

normal sodium carbonate is not deliquescent and is deposited in the

solid state.

For the preparation of caustic soda, the methods given on p. 473
can be repeated almost word for word. It is now obtained by
electrolysis from sodium chloride or common salt, whereas, formerly,
it was obtained almost exclusively by the decomposition of sodium
carbonate with lime.

If it is a question of obtaining small quantities of sodium hydroxide
for laboratory purposes, we may start with metallic sodium and decom-

pose this with water. One of the simplest methods of preparing it is to

place metallic sodium (best in the form of wire or of ribbon) in a dish

of platinum or of silver standing in a desiccator containing water.

The sodium decomposes the water vapour and is converted into caustic

soda, while the hydrogen escapes. The desiccator must, therefore, be

furnished with a tube which allows the hydrogen to pass out without

allowing the atmospheric carbon dioxide to enter. For this purpose
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a tube filled with soda lime, i.e. a mixture of caustic soda and lime,
is used.

It can also be prepared by pouring water over sodium amalgam.
The decomposition of the latter takes place slowly and with modera-

tion, especially after some caustic soda has been formed, and a dilute

solution of very pure caustic soda is thus obtained. If it is desired

to have it free from carbonic acid, care must be taken that the

carbonic acid which is usually present in distilled water is previously
removed.

Lastly, a very pure solution of caustic soda can be obtained by the

decomposition of sodium sulphate solution with barium hydroxide.
The small quantities of the latter which dissolve in the soda solution

are removed by the addition of the necessary amount of sodium

sulphate solution.

In the decomposition of water by sodium, a considerable amount
of heat, viz. 183 kj, is evolved. From the corresponding equation of

reaction, the heat of formation of dissolved caustic soda is found to be
468 kj. Since in the neutralisation of caustic soda with a strong acid

further 57 kj are evolved (p. 227), the heat of solution of sodium in

such an acid is greater by this amount than in water, viz. 240 kj.

According to the statements made on p. 229, the same number gives
the heat of formation of natrion from the metal, so that we have the

equation Na + aq.
=
Na'aq. + 240 kj. This value is somewhat less than

for potassium, but the difference is slight.

By adding the heat of formation of natrion, 240 kj, to that of any
anion, the heat of formation of the corresponding salt in aqueous
solution is obtained.

As in the case of caustic potash, the reactions of caustic soda are

chiefly due to hydroxidion ;
to this extent, therefore, they are identical

with those of caustic potash. As a matter of fact, both hydroxides
are used in the laboratory without distinction so long as we are

dealing with hydroxidion reactions, i.e. with the action of basic

properties. This is also the case in the arts
;

in this case, the price
alone determines the choice. Formerly, caustic soda was consider-

ably cheaper than caustic potash, but at the present time the difference

is less.

485. Sodium Peroxide. If sodium is heated in dry air it bums
to a heavy, yellowish powder, the composition of which is represented

by the formula NaO or Na
2 2 . With regard to the molar weight of

this substance, nothing is known
;
on account of its relation to hydrogen

peroxide, the formula Na
2 2 has a certain amount of probability.

This compound, which is called sodium peroxide, dissolves in water,

fielding a liquid with alkaline reaction which exhibits the reactions of

hydrogen peroxide.

Solution, however, without decomposition can scarcely be effected ;

usually a certain amount of oxygen, depending on the conditions of
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experiment, is evolved at the same time
;

the amount is all the

smaller, the more local heating is avoided.

It may therefore be assumed that the reaction can be expressed
for the most part by the equation Na2 2 + 2H2

=H
2 2 + 2NaOH.

The two substances, caustic soda and hydrogen peroxide, do not,

however, exist together independently, but chemical union takes place,

which probably leads to the formation of a certain amount of sodium

peroxide. The compound present in the solution has, however, the

formula Na02 ,
and yields the ions Na* and 2'. It is in part hydro-

lytically decomposed.
The solution of sodium peroxide is used for oxidation purposes in

place of hydrogen peroxide, especially in the bleaching of textile goods.
The compound is, therefore, prepared on a large scale by exposing
sodium in vessels of aluminium to the action of dry air free from

carbon dioxide. By suitable arrangements, based on the principle of

counter-currents, too great an elevation of temperature, by which the

vessels would suffer, is avoided.

In the dry state, also, sodium peroxide acts as a very powerful

oxidising agent. In contact with it, carbonaceous substances readily

ignite spontaneously, so that in working with it the presence of organic
substances must be avoided.

The excess of energy which is present in sodium peroxide can be

used for obtaining metallic sodium by instituting a suitable
"
coupled

"

reaction (p. 231). If the substance is mixed with rather more than a

tenth of its weight of dry charcoal and heated, a violent reaction occurs

whereby sodium carbonate is formed and metallic sodium distils over :

3Na2 2 rf 2C = 2Na2C03 + 2Na. This is one of the simplest methods

of showing on a small scale the formation of metallic sodium from one

of its compounds.
486. Sodium Chloride. The most widely distributed of all the

sodium salts is the chloride, which, as common salt, is the type of the

salts. In nature it occurs both in the solid state, as rock-salt, and in

solution. The water of the ocean, more especially, contains, as chief

secondary constituents, chloridion and natrion, i.e. common salt. The

concentration of the dissolved sodium chloride differs somewhat in the

different seas
;

in the Baltic Sea it is very small, in the Mediterranean

it is comparatively great. This depends on the relation between the

inflow of water and the loss by evaporation. If the inflow of the

rivers, which contain much less sodium chloride than the water of the

sea, exceeds the evaporation, a more dilute solution is produced ;
this

is the case in the Baltic Sea. On the other hand, if the evaporation

preponderates, the remaining liquid becomes more and more con-

centrated. This is the case to a certain extent in the Mediterranean ;

a specially good example of this state of matters is furnished by
the Dead Sea, in which the salt concentration approaches almost to

saturation.
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The average amounts of salt contained in 100 parts of sea-water are :

Dead Sea ..... 22-0

Mediterranean . . . . .3-8
Atlantic Ocean . . . . .3-6
Baltic Sea ... . 0'5

Where the evaporation greatly predominates, the common salt is

ultimately deposited in the crystalline state, and forms beds of rock-

salt. This salt is frequently not pure, but is mixed with other

substances which were present in the water.

If the water which flows through the soil comes into contact with

strata containing salt, it dissolves the latter and then appears as
"

salt

springs." From these, the sodium chloride is obtained by evaporating
the water. In order to save a part of the firing, the brine is allowed

to trickle over high stacks of brushwood in order that as large a

portion as possible of the water may be removed-by free evaporation
in the air. Since the brine thereby increases in concentration (which
is measured in

"
degrees

"
(Lat. gradus) of the hydrometer), this process

is called
"
graduation" In this way the concentration can be increased

only to a limited amount, since the vapour pressure of the salt solution

diminishes as the solution becomes more concentrated. As is evident,

the result also depends on the relative humidity of the air.

In ordinary circumstances, sodium chloride crystallises in an-

hydrous, colourless, and transparent cubes belonging to the regular

system. Chance colorations of rock-salt often occur owing to impurities ;

a red coloration, produced by oxide of iron, is especially frequent.
The density of pure sodium chloride amounts to 2-15. The re-

fraction and dispersion of light are small. A special property of rock-

salt is its transparency for rays of long wave length lying beyond
the red. By reason of this behaviour, it differs greatly from other

substances. Whereas glass, for example, is just as permeable for the

visible rays as rock-salt is, and appears, therefore, just as transparent,
it behaves as an opaque substance towards rays of long wave length,

and absorbs them, converting them into heat.

At 775 sodium chloride melts, and at the same time it begins to

olatilise appreciably.
In water, sodium chloride readily dissolves. At room temperature,

the saturated solution contains 36 parts of salt to 100 parts of water,

and at the temperature of -boiling, 39 parts of salt, or only a little

more. It has already been described (p. 491) how this property is

made use of in the separation of common salt from other salts whose

solubility changes greatly with the temperature.
The solution of sodium chloride exhibits the reactions of chloridion

and of natrion. It has a pure saline taste, and the higher animals all

experience the need of taking in larger or smaller amounts of common
salt with their food. This is seen most markedly in the case of the

herbivora. Localities where common salt can be obtained are eagerly
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sought out, often at the risk of their life, by stags, roe-deer, and similar

animals. Carnivorous animals exhibit a much less desire for salt.

This is connected with the fact that with the vegetable food relatively

large amounts of potassium salts are introduced into the body, whereby
the secretion of sodium is greatly promoted and a necessity for its

replacement caused. In the case of animal food, however, the two
elements are taken up in the proportions proper to the animal

organism.
In the case of the vertebrate animals, the sodium compounds occur

chiefly in the blood plasma and in the fluids of the body, while the

potassium, as already mentioned, collects in the blood corpuscles.
From aqueous solutions of sodium chloride the well-known cubical

crystals of the anhydrous salt separate out at temperatures above - 2.

Owing to the usually bad formation of these crystals, they enclose

some mother liquor, so that when heated they give off small amounts
of water. On being heated, the enclosed water is converted into

vapour, the pressure of which increases as the temperature rises until

it becomes so great that the pieces of salt enclosing the liquid are

shattered, whereby a crackling noise is produced. Having once under-

gone this treatment, the salt remains quiet on being again heated.

From concentrated solutions of sodium chloride at lower tempera-
tures, a hydrated salt of the formula NaCl + 2H2 separates out in

monoclinic crystals. These are stable only up to - 2
;

if heated
above this temperature, they melt and form a liquid from which the

anhydrous salt immediately separates out in the form of small cubes.

Even at the room temperature, these hydrated crystals are

produced as an unstable form, when a solution of common salt is spread
out in a thin layer on a glass plate and caused to evaporate rapidly by
blowing on it. Under these circumstances, the separation of oblique

crystals can be observed with a low power of the microscope ;
in a

short time the ordinary cubes of common salt appear here and there,

and these absorb the former crystals.

Common salt is used not only in food, but, being the most widely
distributed salt of sodium, it is used as the starting-point in the

preparation of metallic sodium and of all other sodium compounds.
Some of its transformations have already been mentioned

;
others will

be discussed presently.
487. Sodium Bromide and Sodium Iodide are similar to sodium

chloride, only more soluble than the latter. At lower temperatures,
both form hydrated crystals with 2H

2 of crystallisation, isomorphous
with those of the hydrated sodium chloride. The temperature, how-

ever, at which they melt and pass into the anhydrous salts and the

saturated solution of these, is higher. In the case of sodium bromide
the conversion takes place at 50, in the case of sodium iodide at 67.

On investigating the solubility of these salts in water, and its

change with the temperature, the relations are found which are repre-
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sented in Fig. 116. The curve marked NaBr + 2H2 refers to the

hydrated sodium bromide, that marked NaBr to the anhydrous salt.

Similarly for the two forms of sodium iodide. As can be seen, each

of the two forms has its own solubility curve, which is independent of

the other. The point where the two curves cut is the point where the

two forms can coexist along with the saturated solution. This is the

same temperature at which the hydrated crystals commence to melt.

From this it follows that each form of the salt has its own solubility,

and that the two forms have the same solubility at the temperature
sso

l!tO

at which they change into one another. In this respect, therefore,

salts with different amounts of water of crystallisation behave like the

different forms of allotropic substances (p. 287).

As the diagram shows, the solubility curves are both produced

beyond the point of intersection. This signifies that the transition

does not necessarily occur here any more than in the case of the

transition of allotropic forms, but that on both sides there may be

supersaturation. An examination of the diagram also teaches that

the less stable form has always a greater solubility than the more

stable, so that a solution saturated in respect of the unstable form,

on being brought into contact with
"
nuclei," i.e. already formed
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crystals, of the stable form, will deposit solid salt in this form
;

the

solution is, therefore, supersaturated with respect to this form.

If, for example, a saturated solution of anhydrous sodium bromide

is made at 30, and crystals of the hydrated salt are introduced into

it, the latter will grow and the residual solution will exhibit the smaller

concentration which belongs to this form. On the other hand, a solu-

tion of the hydrated salt, saturated at 30, will be found to be un-

saturated with respect to the anhydrous salt, i.e. it will be able to

dissolve certain quantities of this salt. The presence of the hydrated
salt must, however, be most carefully avoided, for excessively small

quantities of this are sufficient to cause the separation of that form.

If, however, the anhydrous salt is heated immediately before the ex-

periment, all hydrated salt is destroyed, and the salt can be dissolved

without fear.

The above discussion applies universally. It shows that we may
speak of the solubility of a salt or, generally, of a solid substance, only
when we state the form which is in equilibrium with the solution. In

general, every form has its own solubility, and the point at which the

solubility of the two forms becomes equal, is the transition point of the

one form into the other.

Conversely, every curve representing the change of solubility with

the temperature is, for each form, continuous. If a break in the solu-

bility curve is observed, this is a certain proof that the solid substance

which is in equilibrium with the solution has passed into anotherform at the

temperature of the break.

488. Sodium Bromate. The pure compound is of no special
interest. Mixed with sodium bromide, in which condition the salt is

obtained from bromine and caustic soda (6NaOH + 3Br2
= NaBr03 +

5NaBr + 3H20), it constitutes a reagent which is used for liberating
a known quantity of bromine in solution. On acidifying the mixture,
the same amount of bromine is set free as was used in the prepara-
tion of the mixture. The reaction can be expressed by the equation
HBr03 + 5HBr = 3H2 + 3Br2 , or, writing the ions, Br03

' + 5Br' +
6H' = 3H2 + 3Br2 . The mixture is obtained by adding bromine to

caustic soda until the colour of the former is permanent, and then

evaporating the solution ; the excess of bromine is hereby driven off.

489. Sodium Chlorate. In contradistinction to potassium
chlorate, sodium chlorate is a salt which is very abundantly soluble in

water. At the present time, therefore, when the method of preparing
it on a manufacturing scale has become known, this salt is employed
in many cases in which chloranion is used on account of its oxidising

action, and where a more concentrated solution is desired than can be

obtained with potassium chlorate. It is prepared in a similar manner
to potassium chlorate. It forms finely crystallised cubes and other

forms of the regular system, and these have the property of rotating
the plane of polarised light in a manner similar to quartz. Whereas,
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however, the latter exhibits this phenomenon in a regular manner

only when the light passes through the crystal parallel to the chief

axis, sodium chlorate rotates the plane of polarised light by equal

amounts, no matter what the direction of the ray in the crystal is.

This is a consequence of the fact that these crystals belong to the

regular system, while those of quartz are hexagonal.
490. Sodium Nitrate. This salt, which crystallises anhydrous

in large rhombohedra, melting at 320, is, at the present day, the

most important of the compounds of nitric acid. It is found in large

quantities in Chili. Since no rain falls in those districts, it has been

possible for this salt to be preserved. How it has been formed

can, as yet, not be stated with certainty or probability ;
the constant

presence in it of iodine compounds in the form of sodium iodate,

speaks in favour of its formation from the salts of sea-water. It is,

however, still a mystery what conditions existed to produce such a

powerfully oxidising effect that, along with the nitrate, the iodine

should have passed into the iodate, and even a portion of the chlorine

into perchlorate (which is also found in Chili saltpetre under certain

circumstances to the extent of several per cent). We may, perhaps,

suppose that at the time of the formation of this salt some cause was
active by which unusually large amounts of ozone were produced ;

the

action of this would render the formation of these highly oxidised

substances from any sodium compounds present, intelligible.

The crude sodium nitrate is mixed with earth and clay, and is

purified by a simple process of crystallisation. The purification can

be easily and successfully carried out by this method, since the solu-

bility of this salt changes very greatly with the temperature, as can

be seen from the following table :

SOLUBILITY OF SODIUM NITRATE

Temperature. 100 gin. water dissolve

- 6 68-8 gm. of NaN03

72-9

+ 20 87-5

40 102
60 122
80 148
100 180
110 200

Sodium nitrate is used in large quantities for manuring purposes ;

it forms the most important artificial nitrogen manure for cultivated

plants, and its application is limited only by the price. The nitrogen
is most easily available for the plant in the form of nitranion, and
this manure has, therefore, the quickest action. Since, however, the

: >il does not retain this substance, as it does potash, phosphoric acid,

id ammonia, the manuring with Chili saltpetre must be carried out

imediately before the time when the plant requires the nitrogen.
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Sodium nitrate is further used in large quantities for the prepara-
tion of nitric acid (p. 346) and for conversion into potassium nitrate

(p. 490). It is also used in the preparation of nitro-compounds ;
for

this purpose, the nitric acid is not first prepared from the salt, but a

mixture of sodium nitrate and sulphuric acid, which on distillation

would give nitric acid, is directly employed. Lastly, a considerable

portion of the salt is converted into sodium nitrite, which is employed
in enormous quantities in the preparation of artificial dyes.

Sodium nitrate cannot be used in place of potassium nitrate for

the preparation of gunpowder and blasting powder, because the

powders made from it become moist.

Since the Chili saltpetre deposits are approaching exhaustion (in

some decades), the production of nitrates or of free nitric acid from

other sources is beginning to be a matter of importance.
491. Sodium Nitrite. At the present day, sodium nitrite is

manufactured and used in large quantities in place of potassium

nitrite, from which it differs in the ease with which it can be pre-

pared pure. It is a very soluble salt with a feebly alkaline reaction
;

when treated with acids, it evolves red fumes of the oxides of nitrogen

(p. 357). It is obtained, similarly to potassium nitrite (p. 493), by
heating sodium nitrate with metallic lead.

492. Sodium Sulphate. The normal sodium sulphate, Na
2S04 ,

is well known, in the form of hydrated crystals of the composition
Na

2S04,10H20, by the name of Glauber's salt. It received its name
from Glauber (born about the year 1640), a physician and chemist,

who introduced it as a drug ;
he ascribed to it great healing power,

and gave it the name "
sal mirabile." Its action on the human

organism consists essentially in the fact, that when it gets into the

intestines, it makes their contents more watery and thereby facilitates

the evacuation.

This action arises from the fact that the walls of the intestines

offer considerable hindrance to the diffusion of Glauber's salt. The

equalisation of concentrations, the tendency towards which is exerted

under all circumstances, cannot, in this case, be accomplished by
the dissolved substance mixing with the body fluids, but, on the

contrary, water must pass from the latter into the intestine.

From this it follows that all other salts which have the same

property of not passing through the intestinal walls, and which do not

exert any other actions on the organism, must also behave in the same

way. This is, indeed, the case
; magnesium sulphate (Epsom salts)

acts in exactly the same way as Glauber's salt.

The solubility relations of sodium sulphate are rather complicated ,

and are represented in Fig. 117. Three different solubility curves

can be distinguished, belonging to three different forms of the salt.

Of these forms, one, stable at higher temperatures, is anhydrous ;
at

medium temperatures, ordinary Glauber's salt with 10H2 of crystal-
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lisation, is stable
; besides these, an unstable salt can be obtained at

lower temperatures containing 7H2 of crystallisation.

On following the curves in Fig. 117 from right to left, we have,
in the first place, the curve of the anhydrous salt, marked o, which, in

contrast with the behaviour of most salts, ascends as it passes in the

direction of lower temperatures. The fact that the solubility of the

salt diminishes with rising temperature, is connected with the other fact

that the salt dissolves in its almost saturated solution, with evolution

of heat, or, absorption of heat occurs when it separates out from a

supersaturated solution (p. 244).

The curve of the anhydrous salt can be followed downwards to

about 20. From 32 downwards, however, the solutions are super-
saturated with respect to

the ordinary Glauber's

salt with 10H20, and

they can therefore be

obtained only when the

presence . of this latter

salt is strictly avoided.

This requires some care
;

for, as we shall see pre-

sently, the salt is every-
where present in dust.

At 32, the curve of

the anhydrous salt is cut

by the solubility curve

of Glauber's salt (marked
with 10) ;

at this point, therefore, both salts can exist along with

the solution, since at this point the saturated solutions contain the

same amount of salt. This state is most easily obtained by heating
Glauber's salt to 32. It appears then to undergo fusion. We are

dealing here, however, with a more complicated process, for the liquid
does not have the same composition as the solid Glauber's salt, but

contains more water. This is due to the fact that anhydrous salt

separates out at the same time
;

for this reason, the salt does not

pass into a clear liquid, no matter how long it is heated, but forms,

after the Glauber's salt has disappeared, a paste of anhydrous salt

and saturated solution.

This transition temperature of Glauber's salt is, when a pure

specimen is employed, exceedingly constant, so that it can be used,

like the melting point of ice, for readily obtaining an unvarying

temperature. The temperature is 32-383 on the international hy-

drogen thermometer scale.

The solubility curve of Glauber's salt with 10H2 can be fol-

lowed downwards to somewhat below 0. The solubility of the salt

diminishes very rapidly as the temperature falls, so that at the

2L

FIG. 117.
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liquid contains only 0-05 of sodium sulphate (calculated as an-

hydrous salt).

So far as we have yet considered the relations, we are dealing
with two independent solubility curves, of which the one belongs to

the anhydrous salt, the other to the salt with 10H
20. The present

case is distinguished from that of sodium bromide and sodium iodide

only by the fact that one of the curves slopes downwards, while in

the case of the latter salts, both curves slope upwards.
'

It has to be specially noted that the break in the solubility curve

at 32 is due solely to the fact that the solid phase in the solution

equilibrium changes at this temperature. It was formerly thought
that something special took place in the solution at this temperature,
such as, say, that below 32 the salt was dissolved in a hydrated form

;

above that temperature, in an anhydrous form
;

even now, such un-

founded views are sometimes met with. However, on investigating
the properties of the solution at its passage through this point, no sort

of break was found, and so far as the solution is concerned, this

temperature is in no way distinguished from other temperatures.
The only thing that changes at this temperature is the nature of

the solid salt, and this is the all-sufficient reason for the occurrence

of the new solubility curve.

The phenomena, now, become somewhat more complicated from

the fact that solutions can be fairly easily prepared which are con-

siderably supersaturated with respect to the salt with 10H20. Indeed,
the phenomenon of supersaturation has in no case been studied more

fully than in the case of Glauber's salt.

Such supersaturated solutions are obtained by heating Glauber's

salt with half its weight of water until all solid particles have dis-

appeared, closing the vessel and allowing it to cool down. The stopper
does not require to be air-tight but only dust-tight ;

a plug of cotton-

wool, for example, is therefore sufficient. If this is removed, after the

solution has cooled down, crystallisation, as a rule, commences at once.

This is due to the fact that Glauber's .salt is extremely widely dis-

tributed in the dust of towns, being formed from the compounds of

sodium everywhere present (p. 497), and the sulphurous acid which is

produced in the combustion of coal, and is derived from the sulphur
therein contained. If the experiment is carried out in the country far

from such sources of dust containing Glauber's salt, the crystallisation
can also be excluded. Since it was for long not believed that this was
the cause of the

"
spontaneous

"
crystallisation of Glauber's salt, the

crystallisation of the supersaturated solution appeared as something

peculiar and mysterious. By working with other substances, however,
which do not, or only rarely, occur in the dust, one can convince one's

self that in general supersaturated solutions possess a great stability,

and that it is only towards nuclei of their own solid substance that they
are unstable.
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The amounts of solid substance which give rise to crystallisation

are small but not immeasurably so. The limiflies about one-millionth

of a milligram.
On cooling down a supersaturated solution of Glauber's salt to

about 5, other crystals make their appearance, which have the com-

position Na2S04,7H20, and whose solubility curve is alsD given in

Fig. 117. Throughout its whole course, this curve lies above the

curve of the salt with 10H20, from which it follows that the solutions

saturated with the salt 7, are always supersaturated with respect^ to

the salt 10. If, therefore, some of the salt 10 is introduced into a

system composed of salt 7 along with solution, the solution will, in

the first place, deposit salt until the point of saturation with respect to

10 is reached, i.e. the concentration of the solution will reach that

point on the curve 10 which lies below the former point on curve 7.

Such a solution, however, is unsaturated with respect to 7 ; conse-

quently, this salt must dissolve. The solution thereby again becomes

supersaturated with respect to 10, and this separates out. This

evidently goes on until, finally, all the salt 7 has disappeared and
is replaced by 10.

It may be asked, Why does the unstable salt 7 separate out at all,

since, of course, the solution could give the stable salt 10 directly ?

The answer is to be found in the universal rule that the less stable

forms first appear (p. 235).

Finally, if the solution be cooled down to about -15, Glauber's

salt separates out spontaneously from it and supersaturation ceases,

and this too without a nucleus of the solid salt being necessary. The

region in which the separation does not occur without such a nucleus,

can be distinguished as the metastable region, from that region, the

unstable region, in which separation takes place without a nucleus.

Every case of supersaturation leads, in the first place, into the meta-

stable region, and from this then into the unstable. The limits of the

two regions are, however, difficult to fix, since the presence of dust

has a great influence on the spontaneous formation of solid forms from

metastable liquids.

The crystals of Glauber's salt effloresce in the air, i.e. they lose

water and become converted into a fine white powder of anhydrous
salt. The cause of this is that the vapour pressure of Glauber's salt

(or, more exactly, of a mixture of Glauber's salt and anhydrous salt) is

greater than the mean vapour pressure of the water in the air (p. 160),

so that the salt must lose water and pass into anhydrous salt.

On the basis of this remark, the objection may be raised to

the explanation of the crystallisation of supersaturated solutions of

Glauber's salt by dust, that according to the above statement there

can be no Glauber's salt present in the dust, but only effloresced

Glauber's salt, i.e. anhydrous salt. This is so
; nevertheless, experi-

ment shows that even effloresced Glauber's salt can also effect the
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crystallisation of the supersaturated solutions, and loses this property

only when it has been heated. In the effloresced salt at the ordinary

temperature, then, there are apparently sufficient traces of unchanged
Glauber's salt present to bring about crystallisation. Or, there is

produced on efflorescence, a form of the salt which in contact with

the solution immediately gives Glauber's salt, a behaviour which the

anhydrous salt certainly does not show, after it has been heated.

Which of these two possibilities corresponds to the truth, has not yet
been determined.

- Intact crystals of Glauber's salt can be kept in dry air without

efflorescing ; if, however, efflorescence has once begun at any point, it

spreads out from that point, and this it does in accordance with a law

which is determined by the crystalline form of the efflorescing salt

(p. 289). We have here again a phenomenon of the nature of super-

saturation, which can be removed only by the presence of a further

phase. Applying the phase law to this case, we obtain the following :

Since the given system consists of two components, sodium sulphate
and water, the sum of phases and degrees of freedom is 4. If

hydrated salt and water vapour are given as two phases, the system
has still 'two degrees of freedom, i.e. at a given temperature, every value

of the vapour pressure (within certain limits) can exist. If, however,
another phase is added, only one degree of freedom remains, i.e. to

every temperature there belongs a definite pressure. Such a system,

therefore, behaves as a pure liquid, for it has a definite vapour pressure
which is independent of the amounts of the phases, i.e. independent of

the relative quantities of Glauber's salt, anhydrous salt, and water

vapour. Observation shows that such a law does indeed hold, but

this pressure is established more slowly than in the case of a liquid.

Since both solid phases are required for the definition of the system

just considered, it follows that one cannot speak simply of the vapour

pressure of a hydrate ;
on the contrary, it must be stated what other

solid (or liquid) substance is also in equilibrium with the vapour.

Many salts form several hydrates ; every combination, therefore, of

two hydrates (or of a hydrate and the anhydride) must have its own

vapour pressure. This also has been confirmed by experiment.
Besides being used for medicinal purposes, sodium sulphate is also

employed as such in the manufacture of glass and in some other

industries. It occurs as a by-product, and as an intermediate product
in much larger quantities. As a by-product, it is obtained in the

preparation of hydrochloric acid from common salt, and of nitric acid

from sodium nitrate. The greater part of the salt is converted into

sodium carbonate or soda. The methods by which this is accomplished
will be discussed immediately.

Sodium sulphate also occurs in nature. As a mineral, it is called

thenardite. It is a very frequent constituent of the natural waters ;

waters which contain large quantities of this salt in solution, such as
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the Carlsbad waters, are used as mineral waters for the removal of

disturbances of the nutrition.

493. Acid Sodium Sulphate. The salt NaHS04 is prepared in

the same manner as the corresponding potassium salt, is used for the

same purposes, and exhibits the same chemical relations.

494. Sodium Sulphite. The normal salt of the composition
Na

2
S03,7H2 occurs in commerce in large crystals ;

it is used chiefly

in photography for adding to the
"
developers

"
to preserve these

against the oxygen of the air. The developers are alkaline solutions

of various organic compounds, the purpose of which is to reduce the

silver compounds of the exposed photographic plate to metallic silver.

Sodium sulphite, it is true, scarcely possesses the power to effect this

reduction, but it prevents to -a certain degree the oxidation of the

developer in the air, and so keeps this for a longer time uncoloured and
fit to be used.

The salt dissolves readily in water. On being heated, it decom-

poses, similarly to sodium sulphate, into anhydrous salt and a saturated

solution
;

its solubility exhibits corresponding changes.
When exposed to the air, the crystals soon become, covered with a

coating of powdery sodium sulphate, which is formeoDy the oxidation

of the salt. It can be seen, therefore, from the appearance of the salt,

whether it is still fit to be used or not.

Acid sodium sulphite, NaHS03 ,
is also known. It is deliquescent,

and oxidises in the air still more readily than the normal salt. Its

concentrated solution is used in the arts.

495. Sodium Sulphide. With regard to the behaviour of the

aqueous solutions of sodium sulphide, Na2S, and of sodium hydrosulphide,

NaHS, the reader may be referred to what was stated in the case of

potassium sulphide (p. 489). With regard, however, to the solid salts,

it may be mentioned that from solutions of sodium sulphide, well-

formed crystals belonging to the quadratic system, and containing
9H

2 of crystallisation, can be obtained. Anhydrous sodium sulphide
is obtained as a flesh-coloured mass by the reduction of sodium sulphate
with charcoal.

Impure mixtures of various polysulphides of sodium, along with

sodium sulphate or sodium thiosulphate (according to the temperature

employed), which are prepared under the name of liver of sulphur by
fusing together soda and sulphur, are used in medicine and in various

industries.

496. Sodium Thiosulphate is the best-known salt of thiosulphanion

(p. 323). It is obtained by warming solutions of normal sodium sulphite
with sulphur ;

the latter is dissolved, and the solution then contains

the salt Na2S2 3 ,
the composition of which differs from that of the

sulphite only by one combining weight of sulphur. From the solution

it is obtained by evaporation in the form of large, transparent crystals
of the monoclinic system containing 5H2 of crystallisation.
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In the manufactures, sodium thiosulphate is prepared from the

calcium sulphide of the
"
soda-waste

"
(p. 522) ; by oxidation in the air,

this is converted into calcium thiosulphate, which is then transformed

into the sodium salt by means of sodium sulphate.
The salt is used in large quantities. To a certain extent it

is used in photography for
"
fixing." It has the property of dis-

solving sparingly soluble salts of silver, . and pictures which have

been produced from these are treated with this salt in order to

remove the unchanged silver salt, and to render the pictures un-

changeable by light. The theory of these processes will be given
under Silver.

Further, thiosulphate is used in large quantities as an "
antichlor

"

for the purpose of removing the last traces of free chlorine from the

fibres of material which has been bleached by its means. Free chlorine

is converted by this salt into chloridion, which is harmless
;

at the

same time, sulphuric acid is formed. The reaction can be written :

Na
2S2 3 + 4C12 H^kO = 2NaCl + 2H2S04 + 6HC1, or S2 3

"
+ 4C12 +

Bromine acMailarly to chlorine. Iodine, on the other hand,
converts the thSKnphate only into tetrathionate. Since the reaction

has already been discussed on a former occasion (pp. 325 ff.), we shall

only repeat the equation here : 2Na2S2 3 + 1
2
= Na

2S4 6 + 2NaI, or,

writing the ions, 2S2 3
" + 12

= S4 6

" + 21'.

Sodium thiosulphate is used, therefore, in volumetric analysis for

the determination of free iodine. For this purpose, it possesses the

very important advantage that its solutions keep perfectly in the air

and are not oxidised. In this respect it is greatly superior to sodium

sulphite, which was formerly used for the same purpose. Care, only,
must be taken that the solution of thiosulphate does not become acid

;

in very dilute solutions, even the carbonic acid of the air effects the

decomposition described on p. 324, with deposition of sulphur. Since

the iodine reaction is very sensitive, it is just here that one preferably
uses dilute solutions

;
these must, therefore, be prepared shortly before

being used. This is best done by diluting a measured amount of a

concentrated stock solution (e.g. a normal solution) which remains un-

changed for a long time. Such a normal solution contains, in accord-

ance with the above reaction equation, one mole or 248-18 gm. of the

crystallised salt Na2S2 3 + 5H2
in a litre.

If a solution of sodium thiosulphate is added to a solution contain-

ing iodine, which may be neutral or acid, a corresponding amount of

the free iodine disappears ;
the complete disappearance can be readily

recognised by adding some dissolved starch and titrating till the blue

colour of the starch iodide disappears.
This volumetric method is not limited to the determination of free

iodine, but can, evidently, be applied to all substances which either

form iodidion from iodine or, conversely, convert iodidion into free
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iodine. To the latter belong most of the oxidising agents ;
to the

former, many reducing agents. Thus, free chlorine or bromine as well

as chloric acid, hypochlorous acid, iodic acid, etc., can be titrated, by
adding to them an excess of potassium iodide and determining the

amount of iodine liberated by means of thiosulphate. As an example,
we shall describe the determination of potassium iodate. In acid

solution, this reacts with potassium iodide according to the equation
KI03 + 5KI + 6HC1 = 6KC1 + 3I2 + 3H20, or, written in ionic form,

ICy + 51' + 6H' = 3H2 + 3I2 . For every mole of iodanion, six com-

bining weights of free iodine are formed, and, therefore, six 'moles of

sodium thiosulphate are used.

Reducing substances can be determined by bringing them together
with a measured excess of free iodine (dissolved in potassium iodide),

and titrating the amount of iodine remaining after the reaction, with

thiosulphate.
For some reactions it is of importance to notice that in the inter-

action of iodine and thiosulphate, the alkali titre^^he solution does

not change. In other words, hydrion is neitherHB up nor formed
in this reaction. B

If the crystallised salt is heated to 56, it melSBRhout leaving a

solid residue ;
it behaves, therefore, differently from sodium sulphate

or sodium sulphite. The fused salt may be allowed to cool without

its solidifying ; if, however, a particle of the solid salt is introduced,

crystallisation commences at once. This fused substance is especially

good for showing that crystallisation is effected only by the presence
of the solid salt, and does not consist, say, in a disturbance of

"
the

unstable equilibrium of the atoms." Thus, if a glass rod whose end is

covered with a firmly adhering coating of the salt (all loose particles
must be carefully removed) is introduced into a fairly large amount of

the cooled fused thiosulphate, crystallisation proceeds solely from the

rod outwards, and after a few seconds the glass rod with the bunch
of crystals adhering to it can be removed from the liquid, without this

continuing to crystallise.

497. Sodium Carbonate. Normal sodium carbonate, Na2C03,
is

^hite salt which readily dissolves in water with alkaline reaction
;

when anhydrous it melts at 850, and can unite with water to form
various hydrated compounds.

Besides the anhydrous salt, at least four hydrates are known with

certainty. By boiling down a hot saturated solution, a salt of the

formula Na
2C03 +H2 is deposited. If the solution is allowed to cool

down in the air, the ordinary crystallised salt containing 10H2 is

obtained. On cooling down the hot saturated solution, with exclusion

of dust, two different salts are obtained, both of which contain 7H2 ?

but have a different crystalline form and also a different solubility.

Which of the two is formed depends essentially on the concentration

of the solution.
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jo Besides these salts, other hydrates with 3, 5, and 15 molecules of

water of crystallisation have been described.

Each of these hydrates has its own solubility, and the different

solubility curves cut one another in a manner similar to that described

in the case of Glauber's salt. The most stable forms are those with

10H2 and with 1H2 ;
these two behave to each other essentially

as Glauber's salt and anhydrous sodium sulphate. The two salts are

also similar in the fact that the solubility of the form which is stable

at higher temperatures diminishes as the temperature rises. The

transition point of the salt with 10H2
into that with 1H2

and

saturated solution, is 34
;

at that temperature, therefore, sodium

carbonate is most abundantly soluble in wa'ter.

The acid salt, or sodium bicarbonate, NaHC03 , crystallises an-

hydrous, and is much less soluble than the normal carbonate ;
for

100 parts of water dissolve only 9 parts of salt at 12, and 10

parts at 22. On being heated, or when its aqueous solutions are

boiled, it readily parts with carbon dioxide (cf. potassium bicarbonate,

Besides these two salts, double salts of the two are also known,
some of which cBur in nature (trona and urao). The composition is

represented by the formula HNa3C2 6 + 2H20. As naturally occurring
soda they were formerly of importance in the arts

;
their amount, how-

ever, in comparison with the consumption, is very scant.

Normal sodium carbonate, under the name of soda, is one of the

longest known salts. It was formerly obtained from the ash of sea

plants rich in soda in the same manner as potashes from the ash of

land plants containing potash, and it was employed for essentially the

same purposes as potashes, viz. for the preparation of soap and of glass.

The rapidly increasing demand for these substances and the simul-

taneous replacement of wood fuel by fossil fuel, the ash of which con-

tains no alkali carbonates, rendered it necessary to discover other

sources of these substances.

In certain localities, it is true, sodium carbonate occurs partly in

the solid state as an efflorescence on the soil, partly dissolved in water

of springs and lakes
;
but the quantities thus available are quite in-

sufficient to supply the great demand.
Since the beginning of the nineteenth century, therefore, sodium

carbonate has been artificially prepared from the most widespread
sodium salt, viz. sodium chloride. The process given by Leblanc,

which was for a long time the one exclusively employed, is now replaced

by other methods, chemical as well as electrolytic.

The method of Leblanc is rather troublesome. The sodium

chloride is first converted into sodium sulphate with sulphuric acid
;

this is heated with charcoal in order to reduce it to sodium sulphide ;

and, lastly, this is strongly heated with calcium carbonate, sodium

carbonate and calcium sulphide being thereby formed. These two
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salts are separated by extracting with water, in which the calcium

sulphide is very sparingly soluble.

Expressed in equations, these reactions are :

2NaCl +H2S04
= Na2S04 + 2HC1

Na2S04 + 4C = Na2S + 4CO
Na

2
S + CaC03

= Na2C03 + CaS.

The second and third processes are carried out in one operation, the

sodium sulphate being mixed with coal and limestone, and the mixture

heated.

Since in this process very large quantities of sulphuric acid are

used up and correspondingly large amounts of hydrochloric acid are

obtained, a soda works which employs the method of Leblanc is

necessarily carried on in conjunction with a sulphuric acid works
;

to

this a plant is also added for converting the hydrochloric acid, for

which there is no market to the extent in which it is formed, into other

products, generally bleaching powder.
The decomposition of the sodium chloride is effected by means of

chamber acid (p. 314), for the sake of saving the high cost of concen-

tration, and is carried out in reverberatory furnaces of masonry work.

The evolved hydrochloric acid is condensed in large pots of stoneware.

The dry sodium sulphate obtained is broken into pieces and mixed
with coal and limestone. The reaction between these two substances

takes place at a moderate red heat, and is also carried out in a rever-

beratory furnace. Since the mass must be stirred in order that the

reaction may take place regularly and completely, furnaces have been

invented in which this is done by machinery, in order to save expensive
manual labour.

The lixiviation of the fused mass (black ash) is conducted on the

principle of counter-currents (p. 484), at 30-40, at which tempera-
ture the soda is most soluble. On heating the saturated solution, a

salt with one combining weight of water of crystallisation, which is

less soluble at higher temperatures, is deposited, and this is converted

into the anhydrous salt by heating. This is called soda-ash, and is

generally employed in the large industrial operations. By dissolving
is in lukewarm water and allowing it to crystallise in the cold, soda

. crystals, Na
2
C03 + 10H20, are obtained ;

this is used in operations on

a small scale, since it very quickly dissolves.

The soda obtained in this way is rather impure. It contains

varying amounts of sodium sulphate, sodium sulphide, and common
salt derived from the preparation. Most of the sodium sulphide,

certainly, the presence of which is due to incomplete transformation,

partly also to the reversal of the reaction with calcium sulphide during
the lixiviation, remains in the mother liquor, and is used again in the

process.
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If more coal is added than corresponds to the above equations,
it acts on the sodium carbonate, along with the water which is present
as vapour, and forms sodium hydroxide and carbon monoxide :

Na2C03 + C +H2
= 2NaOH + 2CO. In this way caustic soda can be

obtained directly ;
the product, however, is very impure.

In this process, especial difficulty is given by the residues (soda-

waste), which consist essentially of calcium sulphide. In the course of

time, very different methods have been worked out for obtaining the

sulphur from them in some form or other, and at the present day this

is successfully carried out in those works where the Leblanc process
is still in use. Since, however, the disappearance of this process is only
a question of time, it is not necessary for us to enter into a description
of the methods of

"
sulphur regeneration."

The new method, which on the Continent has practically entirely

replaced the older method, depends on the following reactions.

Ammonia is absorbed by a solution of common salt, and carbon dioxide

then passed in. Sodium bicarbonate, which separates out in the solid

state, and ammonium chloride, which remains in solution, are formed.

The latter is decomposed with lime into calcium chloride and ammonia,
and the ammonia formed is used again in the preparation.

The chemical process, then, amounts to this, that the ions Na',
NH4', Cl', and HC03

'

are brought together in concentrated solution.

Under these conditions, there will be deposited, in accordance with

principles already laid down (p. 470), that salt which has the smallest

solubility ;
in this case, sodium bicarbonate. It is true that neither

ammonia nor carbonic acid alone is dissociated to any great extent

into ions, but the two immediately form ions when they come together
in solution, since the ammonium bicarbonate is a salt which in solution

is dissociated into ions in the same degree as any other neutral salt.

The process would therefore be equally successful if in place of

ammonion some other cation were employed, whose bicarbonate is

more soluble than sodium bicarbonate. In the case of ammonium,
however, there is the special advantage that free ammonia can, on
account of its volatility, again be easily recovered from the- residua]

chloride by means of lime.

The chemical reactions, therefore, can be summarised in the follow-

ing equations :

NaCl +HNH4C03
=NH4C1 + NaHC03

2NH4C1 + CaO = CaCl2 + 2NH3 + H2

NH3 +H2 + C02
=HNH

4C03 .

Besides sodium chloride, calcium oxide and carbon dioxide are

used up. The latter are obtained from naturally occurring calcium

carbonate or limestone, which decomposes into the two constituents on

heating. Further, the sodium bicarbonate is placed on the market

only in very small amount as such
;

the greater part is decomposed
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by heating into normal carbonate and carbonic acid : 2NaHC03
=

Na2C03 + C02 +H20.

The soda obtained in this way (Solvay process) is not only cheaper
than by the Leblanc method, but it is also considerably purer.

For special purposes, pure soda is obtained by precipitating the

bicarbonate from a concentrated solution of the impure salt by means
of carbon dioxide, washing this with cold water and converting it by
strongly heating into the normal carbonate.

In analysis, sodium carbonate is employed for several purposes.
On the one hand, it is used as a reagent for introducing carbanion,
C03", into a given solution

;
since many carbonates are sparingly

soluble in water, the respective cations will be precipitated by this

addition. On the other hand, sodium carbonate is used for decom-

posing various salts at a red heat, more especially for decomposing
silicates and rendering them suitable for analysis. For this purpose,
it is mixed with about an equal weight of potassium carbonate. Such
a mixture melts much more readily than either of the salts alone.

This is another example of the mutual depression of the melting point

(vide p. 499).

498. Sodium Phosphate. Of the three sodium salts of ortho-

phosphoric acid, the best known is the disodium salt Na2HP04 ;
this

is the salt meant when sodium phosphate is spoken of without further

designation. It generally crystallises in large crystals containing
12H

20, which readily effloresce
;
with most of the other sodium salts,

however, it shares the property of forming crystals containing different

amounts of water, according to the temperature of crystallisation.

Thus, more especially, a salt with TH^O is known which is formed at

temperatures above 35, and is also formed by the efflorescence of the

more highly hydrated salt.

At higher temperatures, the salt first loses its water of crystallisa-

tion, and then the unreplaced acid hydrogen is given off as water, and
there is formed the sodium salt of pyrophosphoric acid : 2Na2HP04

=
Na4P2 7 + H20. This is the most convenient method of preparing a

pyrophosphate, and from this pyrophosphoric acid (p. 393).

The above reaction is of great historical interest. The change
in the chemical reaction which accompanies the above transformation,

led, of a necessity, to the conclusion that the nature of the acid had

undergone an essential change by the ignition, and after Clark and
Graham had subjected the chemical processes which take place to an

exact analytical investigation, and had established the fact that these

consist merely in a loss of water, it was possible for Liebig, on the

basis of this result, to put forward the theory of the polybasic acids. For

since at that time (1838) the methods for the determination of the

molar weights had not yet been elaborated, all acids were formulated,
for the sake of simplicity, as containing only one combining weight of

replaceable hydrogen. Liebig showed that the facts could be more
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consistently and clearly represented by giving up this assumption and

writing, where necessary (more especially in those cases where acid

salts can be prepared), the formulae of the acids with two or more

combining weights of replaceable hydrogen. This method of formula-

tion received confirmation through the conception of molar weight,
which was subsequently developed.

The aqueous solution of disodium phosphate reacts feebly alkaline.

The reason of this has already been given (p. 392) ;
the second hydrogen

of phosphoric acid is only slightly dissociated, and a certain amount of

hydrolysis therefore occurs in the solutions of the corresponding salts.

In the laboratory, the solution of disodium phosphate is employed
to introduce phosphanion into reactions. By reason of the nature of

the dissociation of phosphoric acid, to which reference has just been

made, the solution of the salt contains, to a preponderating extent, the

.ion HP04". If, as is necessary for most of the precipitations, it is

desired to bring the ion P04

'"
into reaction, it is further necessary to

add a base, the hydroxyl of which can form water with the hydrogen
of the ion HP04", and thereby convert it into P04'". This trans-

formation, it is true, takes place only to a small extent in the solution

itself; if, however, the ion P04

'"
is continuously removed from the

solution by the deposition of a solid salt, a fresh quantity must always
be formed in order to establish chemical equilibrium in the solution,

and the object aimed at will be attained. Usually ammonia is the

alkali added, because an excess of it does no harm, which is sometimes
not the case with an excess of caustic soda or potash.

If to a solution of the ordinary sodium phosphate the quantity of

caustic soda required by the equation Na
2
HP04 + NaOH = Na3P04 +

H
2 is added and the solution evaporated, the trisodium phosphate

is obtained in hydrated octahedral crystals, which dissolve in water
with a strongly alkaline reaction. By addition of phosphoric acid

in 'accordance with Na
2HP04 +H3P04

= 2NaH
2P04, and evaporation,

monosodium phosphate is obtained which crystallises in two different

forms, each containing 1H20. On being heated this salt passes into

the sodium salt of metaphosphoric acid : NaH
2P04

= NaP03 + H2
0.

The sodium salts of pyro- and metaphosphoric acids, which have

just been mentioned, are the most important salts of these anions.

While the pyrophosphate has only a limited application (in medicine),
the metaphosphate is largely used as a reagent in qualitative analysis.
It is obtained as a glassy mass by heating monosodium phosphate, and
does riot crystallise when it is dissolved in water and the solution is

evaporated ;
at a red heat it has the property of dissolving many

metallic oxides, with production of characteristic colour. In using
it, a small quantity is fused to a bead on a loop of platinum wire, and
to this is added a small quantity of the substance under investiga-
tion. The various heavy metals, more especially, give characteristic

colours in the
"
phosphate bead."
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499. Sodium Silicate behaves quite similarly to potassium silicate,

and is employed as soda water-glass (p. 493). Together with other

silicates, it occurs both naturally (e.g. as albite) and as a manufactured

product ; thus, for example, ordinary glass is a mixture of sodium and
calcium silicates.

500. Sodium Borate. Of all the salts of boric acid, a sodium

compound is the best known and the most largely used. This salt is

called borax, and has the composition Na2
B4 7 ;

it is therefore the

sodium salt of tetraboric acid, H2
B4 7 ,

which may be supposed formed

from four combining weights of orthoboric acid by the loss of 5H2 :

4H3B03
- 5H20 =H2

B4 7
.

Borax is a salt which is not very soluble in water
;
at lower tempera-

tures it crystallises with 10H20, above 56 with 5H20. The former,

or more highly hydrated form, is distinguished as prismatic borax

from the less hydrated or octahedral borax. The relation existing
between the two salts is similar to that between Glauber's salt and

anhydrous sodium sulphate (p. 513), only the octahedral borax is very

easily formed, even in its region of instability below 56, if nuclei of

the prismatic form are excluded.

When heated, borax loses its water, first swelling up to a spongy
mass, and then, as the temperature is raised, forming a colourless glass

which, on cooling, solidifies in the amorphous condition.

This borax glass has, similarly to sodium metaphosphate, the

property of dissolving metallic oxides with production of distinctive

colorations, and is therefore used in qualitative analysis for the same

purpose as the latter salt. In the case of borax, however, the melting

point lies considerably higher, and the colours are also to some extent

different, so that the reactions in the borax and those in the phosphate
bead must be distinguished. To this solvent power for metallic oxides,

the application of borax in soldering is also due. Soldering consists

in uniting two pieces of metal together by fitting them to one another

and filling up the space which is left with an easily fusible metal in

the liquid form. In order that such a junction may hold, the liquid

metal must wet the surfaces to be united
;

this is, however, hindered

by the layers of oxide with which most of the metals become covered

when heated. When the borax melts, it covers the metal, and thus

1 >revents the access of atmospheric oxygen ;
it also dissolves the oxide

which is present, and thus renders the wetting by the liquid metal

]>ossible. Borax is used in soldering with difficultly fusible, or hard

voider (a mixture of copper, zinc, and silver) ;
with easily fusible soft

solder (tin and lead) there are used zinc chloride, ammonium chloride,

resin, or stearic acid, which have a similar action to borax.

501. Sodium Acetate. Sodium acetate, NaC2 2
H

3,3H20, is a

salt which is readily soluble in water, and melts at 58 in its water of

crystallisation ;
after the addition of a small amount of water, the

fused product can be cooled down without crystallising. With this
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liquid, which, if
"
nuclei

"
are excluded, will keep for years, the experi-

ments on supercooling (p. 49) can be very conveniently performed,

since, as a rule, no nuclei of the salt are present in the air, and the

apparently spontaneous crystallisation does not really occur.

In the laboratory, sodium acetate is often employed. It is chiefly

used in analytical chemistry for the purpose of preparing solutions

which have an acid reaction but contain a very small concentration of

hydrion. Since several of the precipitates employed for analytical

purposes are dissolved by strongly acid liquids, but are sufficiently

insoluble in weakly acid ones, an artifice like this is of great

importance.
The above object is attained by adding sodium acetate to the solu-

tion which contains hydrion, e.g. hydrochloric acid (or in which hydrion
is formed in the intended reaction). The acetanion thus introduced

into the solutions combines with the greater portion of the hydrion

present to form undissociated acetic acid, since acetic acid is a rather

weak acid, and only a small amount of hydrion is left. If more hydrion
is formed in the reaction, this undergoes the same transformation,

always supposing that there is acetanion still present. The sodium
acetate must therefore be added in sufficient excess.

502. The Combining Weight of Sodium has been determined

in conjunction with that of silver and chlorine (p. 250) by ascertaining
how much silver is necessary for the conversion of a definite amount
of sodium chloride into silver chloride, or how much silver chloride

can be obtained from a given amount of sodium chloride. In this way
it has been found Na *= 23-00.



CHAPTER XXV

RUBIDIUM, CESIUM, LITHIUM, AND AMMONIUM

503. General. To the two alkali metals, potassium and sodium,
which occur very abundantly in nature, there are related three other

elements which are found much more sparingly. One of these,

lithium, has a smaller combining weight than the above-mentioned

elements, viz. 6-94. The other two, rubidium and ccesium, have a

larger combining weight, viz. 85-45 and 132-81. In their chemical

relations, the latter two are quite analogous to potassium, while lithium

stands alone in the group, and its chemical analogues are rather to be

found in the elements of the next group, that of the alkaline earth

metals.

In view of this circumstance, it may be asked why lithium is not

preferably classed along with these other metals. The complete
answer to this can be given only after all the assumptions necessary
for a comprehensive systematisation of the elements have been dis-

cussed. The decisive reason may be given here, viz. that lithium

forms a univalent ion, like the alkali metals, whereas the ions formed
from the alkaline earth metals are all fo'valent. The specific heat and
other relations are connected with this, and all favour the placing of

lithium in the group of the alkali metals. It will also be found that

deviations similar to those found in the case of lithium can be frequently
and regularly observed.

In this chapter ammonium (p. 367) also has been placed, because

it forms a univalent cation NH4", which is in many respects similar to

kalion.

504. Rubidium and Caesium. After the foundations of spectrum

analysis had been laid by Bunsen and Kirchoff in 1860, the former

proceeded to apply the new method to several substances. And,
indeed, in the mother liquor from the salt wells at Diirkheim, he found

new spectral lines which did not belong to any of the elements hitherto

known. In a masterly research x he separated the corresponding

1 Bunsen obtained 9 gm. of rubidium chloride and 7 gm. of caesium chloride from 240

kgm. of mother liquor, corresponding to 44,200 kgm. of mineral water.

527
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substances and established the fact that two new alkali metals were

present, which were especially similar to potassium. From the colour

of their most pronounced spectral lines, he called them rubidium (red)

and caesium (blue).

The two elements were subsequently often observed, but always
in very small amount. Rubidium is found most abundantly in the

mother liquors from the Stassfurt potash salts, from which it is separated
in the form of its sparingly soluble double salt with aluminium sulphate

(alum). Caesium compounds still remain very rare.

The chemistry of these two elements, so .far as investigated, agrees

perfectly with that of the potassium compounds. The corresponding
salts are generally isomorphous, and exhibit similar solubility relations.

More especially do .these metals form sparingly soluble salts with the

ions PtCl6", SiF6", and BF4
'

;
the acid salts of tartaric acid are also

sparingly soluble. For this reason there are no methods known by
which a tolerably sharp separation of these elements can be effected,

and one has to be satisfied with incomplete separations based on slight

differences in solubility, which must be frequently repeated before

the object is approximately attained.

Thus from the previously concentrated mixture of the three chlorides,

by the addition of hydrochloroplatinic acid, Bunsen separated a small

precipitate which consisted of the less soluble salts of the two new
elements mixed with the more soluble potassium platinochloride.

By boiling this precipitate with small quantities of water and adding
the portion which passed into solution to the original liquid, he obtained

a less and less soluble platinum salt, which finally was almost free from

potassium. The separation of rubidium and caesium was effected by
treating the carbonates, or the hydroxides, with alcohol.

Metallic rubidium, which can be obtained by distilling the

hydroxide with magnesium, has the density 1-5, melts at 38, and at

room temperature is very soft. It readily volatilises, and ignites

spontaneously in moist air and also in dry oxygen. It dissolves in

mercury, forming an amalgam, which behaves like potassium amalgam.
In oxygen, rubidium burns to a dark-coloured dioxide, Rb02 ,

which

dissolves in water, yielding the hydroxide with formation of hydrogen

peroxide and oxygen. The hydroxide is obtained from the sulphate

by precipitating the sulphanion with barium hydroxide.
Of the different salts of rubidium, nothing special has to be said.

One peculiarity which is not found in an appreciable degree in the

case of potassium, is the property possessed by rubidium and caesium

of forming compounds with the halogens, in which three or five com-

bining weights of the latter to one combining weight of the metal are

present ; compounds, therefore, in which the metal appears as ter- or

quinquevalent. Such compounds with bromine or iodine are formed

with especial ease. They are deposited as sparingly soluble crystalline

precipitates of a lustrous yellow to brown colour, on_ introducing the



xxv RUBIDIUM, CAESIUM, LITHIUM, AND AMMONIUM 529

free halogens into solutions of rubidium bromide or iodide. Through
these compounds a similarity is established with the heavy metals

thallium and gold (which see) which, for other reasons, have also been
ranked along with the alkali metals. These compounds are much more

readily formed with ccesium than with rubidium.

Metallic ccBsium melts as low as 26, and is still more readily volatile

than rubidium.

505. Lithium. From the compounds of the other alkali metals,
those of lithium were distinguished by Arfvedson in 1817. Elementary
lithium was first prepared in 1855 by Bunsen and Matthiessen, by the

electrolysis of the chloride.

Metallic lithium is the lightest of all solid substances
;

its density
is 0-59, so that it floats on petroleum. It is a silver-white, somewhat
tenacious metal, which does not melt below 180, and does not volatilise

even at a red heat. When heated in the air, it does not ignite until

considerably over 200, and it then burns with a white, very bright

light, similar to that of magnesium. It decomposes water with evolu-

tion of hydrogen and formation of lithium hydroxide ;
the action is,

however, much less violent than with the other alkali metals.

Like the other alkali metals, lithium forms a univalent, colour-

less ion Li', which can combine to form salts with all anions. From
the ions of the other alkali metals, lithion is distinguished by its power
of forming various sparingly soluble salts, which will be mentioned

immediately. Lithium is not capable of forming any but univalent

ions.

506. Lithium Hydroxide is most easily obtained by decomposing
lithium sulphate with barium hydroxide. On strongly concentrating
the solution, lithium hydroxide, LiOH, separates out as a colourless

mass, which is readily soluble in water, although not so soluble as

caustic potash or soda, but does not deliquesce in air. The solution

has, however, essentially the same properties as those of caustic potash
and caustic soda, for lithium hydroxide is dissociated into its ions, Li'

and OH', in almost the same degree as the other alkalis.

The compounds of lithium with chlorine, bromine, and iodine are

exceedingly readily soluble, and deliquesce in the air, since their

saturated solutions have
*

a smaller vapour pressure than the mean

vapour pressure of the water in the air. They dissolve in alcohol

and in a mixture of alcohol and ether. Since the chlorides of the

other alkali metals are almost insoluble in this mixture, use is made
of this property for the separation of lithium from these.

Lithium fluoride, however, is very sparingly soluble in water.

Lithium nitrate and sulphate are readily soluble in water.
'

507. Lithium Carbonate, Li2C03 ,
is sparingly soluble in water,

since 100 parts of water dissolve only about one part of the salt. On
the other hand, lithium bicarbonate is much more readily soluble, so that

re than 5 parts of the normal carbonate can be dissolved in 100

2M
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parts of water if carbon dioxide is passed through the solution. If

this solution is heated, carbon dioxide escapes, and the sparingly soluble

normal carbonate again separates out. This behaviour can be very
well employed in order to prepare lithium compounds pure. It is

in marked contrast with that of the other alkali metals, in which case

the normal carbonates are much more readily soluble than the bicar-

bonates. The same behaviour as in the case of lithium is found also

in the case of the alkaline earth metals.

508. Normal Lithium Phosphate, Li3P04,
is precipitated from

solutions containing lithion, on adding sodium phosphate and ammonia

(p. 524). It forms a white crystalline precipitate, which is very

sparingly soluble in water (1 part in 2500 parts of water), and becomes

still less soluble in presence of phosphanion. This reaction is used

for the detection and precipitation of lithium.

Another and very convenient means of detecting lithium is the

red colour which it imparts to a Bunsen flame. Examined with the

spectroscope, this coloration is resolved into a red and a yellow line
;

the latter is situated beside the sodium line, nearer to the red end of

the spectrum.

By means of this very sensitive reaction, it can be shown that

lithium is a very widely distributed element, although it occurs no-

where in large amount. Thus, tobacco ash generally contains lithium,

and when moistened with hydrochloric acid and introduced into the

flame of the Bunsen burner, readily shows the red lithium line when

examined with a spectroscope.
Metallic lithium combines very readily with nitrogen to form lithium

nitride, NLi3 ,
which is decomposed by water into lithium hydroxide

and ammonia. With hydrogen, lithium combines to form a hydride,
LiH.

509. Ammonium. When discussing ammonia (p. 365), it was

stated that that substance unites with water to form an hydroxide
which is similar to the hydroxides of the alkali metals in many respects.

Its composition is NH4OH, and its ions are hydroxidion, and the com-

pound cation NH4', which has been called ammonion, in order to

indicate its derivation from ammonia, and its similarity to kalion or

natrion.

As a matter of fact, ammonion is found in numerous salts, in which

the most various anions are present along with this cation. Not only
are these salts of analogous composition to the salts of potassium, the

place of potassium being taken by ammonium, but the two series of

salts are in almost all cases isomorphous, and exhibit nearly the same

solubility relations
;

the similarities which exist here are therefore

similar to those that exist, say, between chlorine and bromine, or

between potassium and rubidium.

In view of these similarities, the question arises whether besides

the ion ammonium there does not exist a
"
metal

" ammonium corre-
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spending to metallic potassium. The answer is only partly affirmative.

If it is attempted to prepare metallic ammonium by the action, say, of

metallic potassium on ammonium salts, one does not obtain the com-

pound NH4 ,
but its decomposition products 2NH3 and H2

. The same
result is obtained on attempting to decompose a solid or dissolved

ammonium salt with the help of the electric current. Only in one

special case does one succeed in the latter instance in laying hold of

ammonium, at least temporarily, viz. by employing an electrode of
metallic mercury. In this way the mercury acquires properties similar

to those of a dilute solution of potassium or sodium in that metal, and
at the present time there is no great doubt of the existence of an
ammonium amalgam. Certainly, the amount of ammonium which it

contains is always very small, for even in the form of the amalgam,
the ammonium undergoes decomposition into ammonia and hydrogen,
and its existence is always only a transitory one.

By reason of this decomposition, gas is evolved throughout the

mercury, which thereby acquires a peculiar spongy character. The
ammonium amalgam is very easily obtained by covering a large drop
of mercury with a concentrated solution of any ammonium salt and

passing an electric current into the mercury, by means of a platinum
wire dipping into the solution, in such a way that the mercury acts as

a cathode. One accumulator gives a sufficient current. The mercury
is seen at once to swell up, and to become converted into a grey semi-

solid mass, which owes its peculiar character to the fact that it is a

froth of very small bubbles.

The same product is obtained still more simply by pouring a con-

centrated solution of an ammonium salt over sodium amalgam. Metallic

sodium then passes into natrion while ammonion is converted into
"
metallic

"
ammonium, or into the products of decomposition of this.

That the ammonium which is formed has to a certain extent the

character of a metal, follows from the fact that it is soluble in mercury ;

for, with the exception of the medals, no other substance has an appreci-
able solubility in mercury. Besides what has been stated, all that is

known concerning the properties of ammonium is that it behaves,

electrically, similarly to the alkali metals, its position in the
"
potential

series
"

(vide infra) being next to that of the alkali metals.

510. Ammonion, NH4', is, as already mentioned, very similar to

kalian. Like the latter, it is colourless, and also forms sparingly
soluble salts with the precipitants of kalion, tartaric acid and hydro-

chloroplatinic acid. It can be distinguished from kalion by the readi-

ness with which its hydroxide passes into ammonia, which is volatile.

511. Ammonium Hydroxide, NH4OH, is known only in solution,

since, on attempting to obtain it in the free state by evaporating off

the water, it decomposes into ammonia and water. An aqueous
solution of ammonia certainly contains a portion of the dissolved gas
as ammonium hydroxide, part of which is in turn dissociated into the
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ions NH4

'

and OH'. What portion of the total ammonia, also, has

passed into ions can be determined by measurements of the electrical

conductivity. What relation, however, exists between the undissociated

ammonium hydroxide (NH4OH) in the solution and its anhydride

(NH3),
it has as yet been impossible to determine. It follows, how-

ever, from the smell of the solution, that a not inconsiderable portion
of the ammonia is present in the uncombined state, since only ammonia,
and not ammonium hydroxide, exists in the gaseous state

;
how great

this portion is, however, is unknown.
The electrolytic dissociation of an aqueous solution of ammonia is

very much less than that of an equivalent solution of caustic potash or

caustic soda, and, therefore, the strength of ammonia as a base is much
less than that of the alkali hydroxides. In a solution containing one

mole in ten litres, the concentration of hydroxidion amounts to only
0-016 of that in a solution of caustic potash, and only at a dilution of

100 litres does the fraction amount to as much as 0-042. Consequently,
an ammonia solution has a much more feebly basic action than a potash

solution, and is employed in those cases where such a feeble action is

essential. The concentration of the hydroxidion becomes still less

when a large quantity of ammonion is present in the form of an

ammonium salt. For since, with a given total concentration of ammonia,
the product of ammonion and hydroxidion must have a definite value,

the second factor will diminish as the first increases. The relations

here are exactly the same as those which have been explained in the

case of the hydrion of acetic acid (p. 526).

Connected with this slight degree of dissociation is the fact that

an aqueous solution of ammonia can be entirely freed from its

ammonia by boiling, in spite of its containing ammonium hydroxide
and the ions of this.

This property is used for the detection and determination of

ammonium in its salts. These are heated with an excess of a strong
base

;
the hydroxyl of the latter reacts with the ammonium with

formation of water and ammonia, and the latter is driven off by the

heating. If it is only a case of detecting the presence of ammonia, it

is sufficient to hold a piece of wet red litmus paper over the heated

liquid ;
ammonia turns the litmus paper blue. For the same purpose a

glass rod moistened with strong hydrochloric acid can be used (p. 367).
If it is desired to determine the amount of ammonia, the liquid is

distilled into a measured amount of acid of known titre
;

after the

distillation, the amount of acid which has not been neutralised by
the ammonia is determined by titration with a solution of barium

hydroxide (p. 213).

512. Ammonium Chloride. Of the salts of ammonium, am-
monium chloride or sal ammoniac, NH4C1, is the best known. It is

a white salt which is readily soluble in water
;

it crystallises in the

regular system, but has a marked tendency to imitate the forms of
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other systems. At about 450 it volatilises, without melting, in the

form of colourless vapours. These, however, do not consist of

ammonium chloride, but are a mixture of hydrogen chloride and
ammonia. This is seen from the density, which does not have the

value 53-5, the molar weight of ammonium chloride, but only half this

value. It can be easily shown by diffusion (p. 136), that the vapour
is indeed a mixture

;
the lighter ammonia passes much more rapidly

through a porous partition than the heavier hydrogen chloride, and for

this reason, the portion which has passed through reacts alkaline, the

portion which remains, acid.

This dissociation occurs only when the ammonium chloride con-

tains a trace of moisture. If the salt is carefully dried, the decom-

position takes place so slowly that its density in the undissociated

state can be determined. That we are dealing here with a catalytic
acceleration by means of the water vapour, follows from the fact that

the opposite reaction, the combination of hydrogen chloride and
ammonia to ammonium chloride, also occurs rapidly only in presence
of water vapour. If the two gases are very carefully dried, they can
be mixed without any fumes of ammonium chloride being produced.
This is a good example of the general law that a catalyst which accelerates

a certain reaction, must also accelerate the reverse reaction.

The aqueous solution of ammonium chloride exhibits a feebly acid

reaction which is due to the slight hydrolysis of the salt. A small

amount of ammonion reacts with hydroxidion from the water to form
ammonia and water, and the corresponding amount of hydrion remains
over and causes the acid reaction. As ammonium chloride is a salt

of the strong acid, hydrochloric acid, hydrolysis is slight, but will, of

course, become all the greater the weaker the acid of the ammonium
salt. If the solution is heated to boiling, a portion of the ammonia

produced distils off, and the acid reaction increases.

Ammonium chloride is used for many purposes, both in the labora-

tory and in the arts. Its use in soldering depends on the splitting
off of hydrogen chloride on heating, whereby the coating of oxide on
the metals to be soldered is removed. Its further applications for

obtaining those chlorides which are readily decomposed by water
with loss of hydrogen chloride, and as

"
exciting salt

"
in the

Leclanche galvanic cell, also depend on the splitting off of hydrogen
chloride.

513. Ammonium Bromide and Ammonium Iodide are employed
in photography. The former is a white salt similar to ammonium
chloride ;

the latter is also white when pure, but it is difficult to pre-
serve it colourless, as it speedily becomes brown. This is due to the

fact that it is slightly dissociated hydrolytically when it becomes
moist in the air, i.e. when some solution is formed. The hydriodic
acid, however, which is split off is immediately oxidised by the atmo-

spheric oxygen (p. 262), free iodine is formed, and the same series of
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reactions occurs over again. The salt can be preserved by excluding
air and moisture.

514. Ammonium Nitrate. This salt has already been mentioned
on a former occasion (p. 370), since on account of its decomposition
into nitrous oxide and water on heating, it is used for the preparation
of that gas. It is obtained as a very soluble salt by neutralising nitric

acid with ammonia or ammonium carbonate, and evaporating. When
thrown on red-hot charcoal it decomposes with production of flame

;

alone, or mixed with charcoal, it can be made to explode, and it is

therefore used -in the preparation of explosives. These are ignited
with difficulty, and can therefore be used without danger. Since the

substance is converted completely into gases and vapours, the explosive
effect is an advantageous one, especially as the nitrous oxide formed

gives out a considerable amount of heat on decomposing (p. 359).

515. Ammonium Nitrite, NH4N02 ,
is of interest on account of

its ready decomposability into water and nitrogen (p. 370) ;
in the free

state it is known only as a deliquescent and decomposable crystalline
mass.

516. Ammonium Sulphate, (NH4)2S04 ,
is isomorphous with

potassium sulphate, but is much more readily soluble in water than

the latter. Similarly to potassium sulphate, it forms various double

salts, more especially with the bivalent sulphates of the magnesium
group and with the tervalent sulphates of the aluminium family. The
solution is somewhat more highly dissociated hydrolytically than

that of ammonium chloride. If the solid salt is heated, it loses ammonia
and passes into the acid ammonium sulphate, NH4HS04 ;

this is a

reaction which is peculiar to the normal ammonium salts of all poly-
basic acids.

517. Ammonium Phosphates. Of the three possible ammonium

phosphates, only the first two are known, the mono- and the di-

ammonium phosphate, since the normal salt decomposes so readily
into ammonia and diammonium phosphate that it does not keep.
The salts are of no special importance.

A salt which is better known is sodium ammonium phosphate,
NaNH4HP04,4H2 or microcosmic salt. It is used instead of sodium

metaphosphate for blowpipe experiments, since it passes into the latter

salt on heating. The decomposition takes place according to the

equation NaNH4HP04
- NaP03 +H2 +NH3 . Since this decomposi-

tion is accompanied by a considerable swelling up of the salt, it is

more convenient not, as is usually done, first to prepare the
"
phosphate

bead
"

on the platinum wire immediately before the experiment, but
to employ sodium metaphosphate directly. The name microcosmic salt

is due to the fact that the compound is formed in the evaporation of

human urine (decomposed by putrefaction). This liquid excretion of

the useless constituents of the organism was regarded by the alchemists

as an extract of the human microcosm.
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518. Ammonium Carbonate. Normal ammonium carbonate is

very unstable, since it undergoes with
'

great readiness the general

decomposition of the ammonium salts of polybasic acids. On the

other hand, the acid salt NH4HC03 is very stable, and scarcely smells

of ammonia. It crystallises from solutions of ammonia which have

been saturated with carbon dioxide. The two salts combine with

one another to form a double salt, the so-called ammonium sesqui-

carbonate, (NH4)2C03 + 2NH4HC03 ,
which forms the chief constituent

of commercial ammonium carbonate. The latter usually also con-

tains ammonium carbamate or the ammonium salt of carbamic acid

(p. 422), which is produced from the normal carbonate by loss of water :

(NH4)2C03
=NH4OCONH2 +H20.

519. Ammonium Sulphide. The two compounds which sul-

phuretted hydrogen can form with ammonium are largely employed in

the laboratory. They are prepared by passing sulphuretted hydrogen

gas through a strong solution of ammonia. With excess of sulphuretted

hydrogen, ammonium hydrosulphide, NH4HS, is formed in the solution
;

if to this is added as much ammonia as was originally taken, a solution

of ammonium sulphide, (NH4)2S, is obtained. The latter solution does

not contain solely ammonium sulphide and its ions, any more than the

corresponding compound is alone contained in the solution of the

alkali sulphides (p. 489) ;
on the contrary, hydrolysis proceeds further

in this case than in that of the latter, for we are dealing here with the

salt of a weak base with a weak acid. For these reactions, however,
in which sulphidion, S", is consumed, the actual condition of the solution

is of comparatively little importance, since the sulphidion which is used

up in the reaction can be produced afresh in proportion as it passes
out of the solution.

Both the above salts can be obtained in the solid state by mixing

sulphuretted hydrogen and ammonia gas in the necessary proportions :

NH3 + H2S = NH4HS and 2NH3 + H2S = (NH4)2S. In this way,

crystalline masses are obtained the vapour density of which shows

that, on vaporisation, they again decompose into their components.
The sulphide is exceedingly readily volatile, the hydrosulphide
less so.

In the case of ammonium hydrosulphide, thorough investigations
have been made concerning the equilibrium between the solid salt and
its vapour. If we denote the concentrations of the ammonia and of

the sulphuretted hydrogen by a and b respectively, and by c the con-

centration of ammonium hydrosulphide in the vapour (this is, indeed,

very small but not zero), then, in accordance with the general equation
of equilibrium (p. 353), we have the relation ab/c

= k. The concentra-

tion of the undissociated ammonium hydrosulphide is dependent solely

ou the temperature, since, according to Dalton's law, the vapour pressure
of a given substance remains the same whether other substances are

present in the gas space or not. For each temperature, therefore, the
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product ab must also be constant. It is the case of an equilibrium,

therefore, which is perfectly similar to that between a solid salt and
its partially ionised solution (p. 470). As a matter of fact, also, the

following peculiarities were found :

(a) If there is no excess of one of the components in the gas space

(a
=

6), a definite dissociation pressure is established which is dependent
only on the temperature, and not on the relative amounts of solid sub-

stance and vapour.

,
This follows from the equation, for if a = b, the equation assumes

the form a2 =
Jcc, and k as well as c depends only on the tempera-

ture.

(6) Less of the solid substance evaporates into a space in which
ammonia or sulphuretted hydrogen is already present ;

the effect of

equal excesses of the two gases is equal. This also corresponds to

the equation, for the expression ab/c is symmetrical in respect of a

and 6.

The equilibrium of ammonium sulphide would necessarily be

represented by an equation of the form a2
b/c

=
7c, because two moles

of ammonia react with one mole of sulphuretted hydrogen. The

decomposition of ammonium sulphide, however, does not take place
in such a way that the two gaseous components are formed, but in

such a way that ammonium hydrosulphide is produced along with
free ammonia. The conditions of equilibrium become thereby com-

plicated, and will not be discussed here.

The aqueous solution of ammonium sulphide rapidly becomes
coloured yellow in the air, because the sulphuretted hydrogen which
is split off by hydrolysis is oxidised by the atmospheric oxygen (vide

p. 303) ;
the sulphur which is formed dissolves in the excess of

ammonium sulphide to form polysulphides, corresponding to the

alkali polysulphides (p. 490). A tetra- and a heptasulphide of

ammonium, (NH4)2S4 and (NH4)2S7 ,
have been prepared in the solid

state.

In the laboratory, ammonium sulphide is used for the precipitation
of those metallic sulphides which are dissolved by free acids. The

theory of these precipitations has already been given (p. 302). Potas-
sium and sodium sulphide have the same action, but ammonium
sulphide is preferred, because an excess of it can be more easily removed
from the solution.

Yellow ammonium sulphide is used for dissolving those metallic

sulphides whose higher sulphur compounds can pass into thio-acids

and form soluble ammonium salts. Tin sulphide is an example of

this. Further information on this point will be given under the respec-
tive metals.

Besides being used for obtaining sulphur compounds, ammonium
sulphide is also used as a reducing agent, especially in organic chemistry.
The action depends on the corresponding properties of sulphuretted
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hydrogen (p. 303) ;
ammonium sulphide has the advantage that the

reagent can be used in a much more concentrated form than the slightly

soluble sulphuretted hydrogen. Hydrogen is used up in the reaction,

the sulphur is precipitated, and ammonia is liberated. Fresh sul-

phuretted hydrogen can then be passed into the solution, if it is necessary
to continue the reduction.



CHAPTER XXVI

CALCIUM

520. General Remarks on the Alkaline Earth Metals. The
metals of this new group are distinguished from the alkali metals,

essentially by their power of exclusively forming bivalent cations. This

is seen from the fact that, e.g., the amount of calcion which can com-

bine with a given amount of chloridion, does not depress the freezing

point of the aqueous solution by the same amount as the chloridion,

but only by half as much. One molar weight of calcion, therefore,

combines not with one but with two molar weights of chloridion, and

for this reason it must be regarded as bivalent.

Since the different ions cannot be handled separately, the above

result was obtained indirectly. If very dilute solutions of potassium
chloride and of calcium chloride are prepared, in which the concen-

trations of the chloridion are the same, and the freezing points are

determined, the depressions of the latter are not equal but are in the

ratio of 4 : 3. Since in the case of potassium chloride, an equal share

of the depression is due to each of the ions,
1 the share of the chloridion

in the solution of calcium chloride must also be put equal to two, and
the calcion has only the effect one, i.e. acts half as strongly as the kalion.

From this the above conclusion follows.

Other differences, although not so decisive, are found in the solu-

bility relations of the salts. Thus, for example, the normal carbonates

and phosphates of the alkaline earth metals are very sparingly soluble

in water
;

indeed it is only the alkali metals that can form readily
soluble salts with the ions carbanion and phosphanion (and with a

series of similar ions). It has, however, just been specially mentioned
that in this respect lithium forms a transition.

The metals of this group are less sensitive to free oxygen and to

oxygen compounds than the alkali metals
; they are also much less

readily fusible and volatile than the latter. Here also the same grada-

1 This is seen from the fact that one mole
(
= 74'6 gra.) of potassium chloride gives a

depression of the freezing point which is twice as great as that given by one mole of an
undissociated substance.

538
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tion is observed, for the tendency to combination with oxygen and to

ion formation is least in the case of the elements with small combining

weight, and increases distinctly as the combining weight rises. The

hydroxides of the alkaline earth metals are slightly soluble in water,

but in their solutions they are dissociated into their ions just as the

hydroxides of the alkali metals.

521. Calcium. The compounds of calcium have an exceedingly
wide distribution in the earth's crust, and form one of the most abundant

constituents of the latter. It is the carbonate chiefly that occurs in

nature
;

in the silicates of the earth's crust, also, calcium is seldom

absent. The element also takes part in the most varied way in the

building up of the organisms.
Metallic calcium was comparatively late in being prepared in the

pure condition. Davy and Berzelius, at the beginning of the nineteenth

century, attempted to obtain it from the electrolytically prepared

amalgam by distilling off the mercury, but they did not obtain a

sufficiently pure material to allow of its properties being ascertained.

Nor have the later experiments carried out by various investigators

yielded a pure metal, as is evidenced by the contradictory statements

regarding its properties. From the most recent investigations, in

which calcium iodide is decomposed by sodium (whereby, after removal

of the excess of sodium, crystallised calcium is obtained), it is found that

this element is a white (not, as previously stated, a yellow) metal of

density 1-83 which can be remelted in a vacuum at 760, and can then

be cut
;

it is, however, not so soft as potassium. It is not affected by
oxygen, chlorine, bromine, or iodine at the ordinary temperature, but

combines with these only on being heated. When heated in the air,

it burns, forming a compound both with the oxygen and the nitrogen.
It is only slowly attacked by water, but quickly by dilute acids.

522. Calcion. Calcium forms only one kind of ion, viz. bivalent

calcion, Ca". The heat of formation of this from the metal is 458 Jcj.

In using this number for the calculation of the heats of formation of

dissolved calcium salts, it has to be noticed that the heats of formation

of wmvalent anions must be doubled in the calculation.

Solutions which contain calcion have no immediately conspicuous

properties ; thus, they are colourless when no other substance possess-

ing a colour is present. Since there is a considerable number of spar-

ingly soluble calcium salts, there is a correspondingly large number
< -f substances by means of which precipitates can be produced in solu-

tions containing calcion. For our purpose, two of these are especially

important, viz. carbanion, C03", and oxalanion, C2 4". The latter,

more especially, is a specific reagent for calcion
;

for it forms with it

t lie very sparingly soluble calcium oxalate, which is deposited as a

fine, white precipitate when the two kinds of ions come together in

-olution.

No "
complex

"
ions are known in which calcium forms a part ;
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wherever, therefore, calcium is present in aqueous solution, calcion is

also present.
523. Calcium Hydroxide and Calcium Oxide. Its ion being

bivalent, calcium unites with two combining weights of hydroxyl to

form calcium hydroxide, Ca(OH)2 . This compound, the common name
of which is lime or slaked lime, is a white powder which is only very

slightly soluble in water. One litre of water dissolves about 2 gm. of

lime. The solubility decreases with rising temperature, so that lime-

water (as the solution of calcium hydroxide is usually called) which has

been saturated at the room temperature becomes distinctly turbid when
heated to boiling. This behaviour is connected with the fact that

calcium hydroxide dissolves in water with evolution of heat.

The aqueous solution exhibits the character of hydroxidion in its

alkaline reaction towards vegetable colours, such as litmus, etc. The
determination of the electrical conductivity shows that the electrolytic
dissociation in solution is almost complete ;

in this sense, therefore,

calcium hydroxide is a strong base. Since, however, its slight solubility
allows of only a correspondingly small concentration of hydroxidion

being attained, lime-water is used in medicine as well as in the laboratory,
in cases where it is desired to produce only slightly basic effects.

In the air, lime-water becomes covered with a thin film consisting
of calcium carbonate, which is very sparingly soluble in water. If a

gas which contains even only a small amount of carbon dioxide is passed

through clear lime-water, this at once becomes turbid owing to the

separation of carbonate. For this reason, lime-water is greatly used
as a reagent for carbon dioxide and carbonates.

Lime-water is prepared by shaking up lime with water and allow-

ing the mixture to stand in a closed bottle until the excess of solid

has sunk to the bottom
;
the clear liquid which is left is used directly.

Filtration is a useless labour, since in contact with the air so much
carbon dioxide is taken up that the liquid becomes turbid, and an
indefinite amount of the dissolved lime is lost.

On account of its small solubility, lime is frequently employed as a

mechanical suspension in water. If the mixture so obtained is a thin

liquid, it is called milk of lime
;

if not, it is called lime paste. Since of

all the strong bases lime is by far the cheapest, it is employed in chemical

manufactures in all cases where a strong base is necessary, and
where its properties, or the properties of the compounds formed, allow

of it.

Calcium hydroxide is obtained exclusively from calcium oxide,

which, in turn, is obtained by heating calcium carbonate. For since

calcium hydroxide contains two combining weights of hydrogen, it

gives rise to the formation of an anhydride with a comparative ease, just
as many dibasic oxyacids give an anhydride more easily than mono-
basic acids. At the temperature of a red heat, calcium hydroxide
loses water and yields calcium monoxide or calcium oxide ; Ca(OH)2

-
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H
2
= CaO

; and, conversely, calcium hydroxide is readily obtained

from the latter by absorption of water.

The method of obtaining calcium oxide (quicklime) depends, as

has been mentioned, on the decomposition of calcium carbonate when
heated. This salt decomposes into calcium oxide and carbon dioxide :

CaC03
= CaO + C02

. The very interesting secondary conditions con-

nected with this decomposition will be given later.

The quicklime obtained in the above manner forms irregular lumps,
which exhibit on a smaller scale the form of the limestone employed,
and is generally coloured brown or grey. The colour, however, is due

only to impurities ;
if pure calcium carbonate, e.g. white marble, is

used, the quicklime is also white.

When exposed to the air, quicklime takes up water and carbon

dioxide and crumbles to a white powder, which is a mixture of calcium

hydroxide and calcium carbonate
;

in this process the substance ex-

pands very considerably. If quicklime and water are brought into

contact with one another in the cold, no action, apparently, takes

place ; gradually, however, the mass becomes warm, and then the two
substances rapidly combine with considerable evolution of heat to form

hydroxide. This process is called the slaking of lime. If not too large
a quantity of water has been taken, the heat evolved is sufficient to

drive off the excess of water, and a snow-white, dry powder of calcium

hydroxide, considerably increased in bulk, is obtained. If, however,
the product is intended to be used directly, more water is taken, and a

thick white paste is obtained which contains the slaked lime in a state

of very fine division, specially suitable for its further use.

Quicklime is very resistant to heat, as it does not melt below about

3000. It is used, therefore, in the manufacture of heat-resisting

apparatus, especially for the fusion of platinum in the oxyhydrogen

blowpipe. If heated to about 2000, quicklime emits a very strong,
white light. The

"
lime light

"
produced by the oxyhydrogen blow-

pipe, which was formerly very important, has greatly lost in import-
ance through the ease with which a very powerful electric light can be

obtained.

524. Soda Lime is a material very largely used in the laboratory
for the purpose of absorbing carbon dioxide in analysis, and for other

purposes. It is not a chemical compound, but a mechanical mixture

which is prepared by slaking quicklime with a solution of caustic soda

and drying the paste produced. Soda lime acts best when used in

not too fine grains ;
it can be obtained in this form commercially. In

the absorption of carbon dioxide, water is liberated. The soda lime is

usually placed in U -tubes,* and at the end at which the gases issue, a

short layer of calcium chloride is placed in order to retain the escaping
water.

525. Calcium Carbonate. It has already been stated that

calcium carbonate is the most widely distributed, and therefore also
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the most important salt of this metal. In various forms as limestone,

chalk, marble, etc., it forms large rocky masses, which always go on

increasing by reason of the processes taking place on the earth's

surface.

The naturally occurring calcium carbonate is found in two different

crystalline forms, which in their pure formations are known as calc-spar

and aragonite. Calc-spar has the density 2-71, and crystallises in the

trigonal system, generally in rhombohedra
; aragonite has the density

2-94, and crystallises in rhombic prisms.
When at the commencement of the nineteenth century it was

established by the methods of quantitative analysis, which had just
then been elaborated, that these two well-known minerals have a

perfectly identical composition, one came into conflict with the then

accepted principle that different form and different composition always

correspond to one another. An apparent explanation was yielded by
the discovery in aragonite of strontium, whose carbonate crystallises

in the same forms as aragonite ;
the explanation was, however, only a

passing one, for specimens of aragonite were soon found in which no

trace of strontium could be detected. Not until it was discovered

in a number of other substances, especially in the case of sulphur

(p 281), that these could have different forms although possessing
the same composition, was the conception of polymorphism (p. 266)

put forward by Mitscherlich, and the explanation of the regularity
which is here present given.

Calc-spar and aragonite are monotropic (p. 283) ;
and calc-spar is

the stable, aragonite the unstable form. This follows from the fact

that aragonite, on being heated to about 300, changes spontaneously
into calc-spar, whereby it swells up and crumbles, to a sandy powder
possessing the density of calc-spar. Further, that the above is the

case is shown by the fact that aragonite is more readily soluble than

calc-spar.

The determination of such small solubilities as those of the two

forms of calcium carbonate is accomplished by measurement of the

electrical conductivity. The conductivity of as pure water as possible
increases by a measurable amount when it is brought into contact

with the above substance, and this increase is about 15 per cent greater
in the case of aragonite than in the case of calc-spar.

Besides these two crystalline forms of calcium carbonate, there is

also an amorphous form which is always the first to appear when calcium

carbonate is precipitated from a solution. This form is the least stable,

and therefore, also, the most soluble
;

it is so soluble that it has an

alkaline reaction to litmus. At a higher temperature it readily passes
into aragonite, which is converted only exceedingly slowly into calc-

spar ;
at low temperatures it is converted directly into calc-spar.

When, therefore, calcium carbonate has been obtained by precipitation,
either in analysis or in its preparation, it must be allowed to stand
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some time, preferably in the heat, in order that the amorphous soluble

salt may be converted into the sparingly soluble, crystalline form.

The purest naturally occurring form of calc-spar, which is found

chiefly in Iceland, is called Iceland spar. By reason of the peculiar

way of refracting light possessed by the uniaxial crystals, the large
and perfectly transparent crystals in which this form occurs show

objects double, owing to the light being resolved into two bundles of

polarised rays. On account of this property, these crystals are much
used for optical instruments

;
Iceland spar is used more especially for

the construction of prisms for polarising light.

Marble and limestone are more finely crystalline and less pure
forms of calc-spar ;

both consist of small, intergrown crystals of calc-

spar. Finally, chalk consists of small roundish grains deposited by
small organisms. Its nature is not yet known.

That the naturally occurring aragonite, which in some cases is

undoubtedly thousands of years old, has not yet been entirely con-

verted into calc-spar, is to be accounted for by the exceeding slowness

of the transformation. In many places where accelerating influences

have been at work, pseudomorphs of calc-spar on aragonite, i.e. masses

having the outward form of aragonite but whose substance has become
converted into calc-spar, can be found.

When calcium carbonate is heated, it decomposes into calcium

oxide and carbon dioxide. This chemical process,
"
lime burning," is

one of the oldest chemical operations, for the lime which is formed
has been used as mortar for thousands of years. Decomposition takes

place in accordance with the law that for each temperature there is a

definite concentration, or a definite pressure, of the carbon dioxide, at

which equilibrium exists. If this pressure is increased, carbon dioxide

is taken up by the lime present ;
if it is diminished, another portion

of the carbonate decomposes, until the equilibrium pressure has been

again established. In the following table a number of different tem-

peratures with the corresponding pressures are given :

Temperature. Pressure in cm. mercury.

600 0-92
700 5-0
750 9-9
800 19-5
850 37-0
900 70'0
1000 283-0

The equilibrium or dissociation pressure of calcium carbonate

follows the same law as the vapour pressure of a volatile liquid ;
in

particular, it is independent of the proportions in which the two solid

substances, calcium carbonate and. lime, are present ;
it is also in-

dependent of the relative amounts of the solid and gaseous phases.
This follows as a necessary consequence from the phase law. There
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are two components, lime and carbon dioxide, from which all the

phases present can be compounded. Since there are three phases

present, viz. carbon dioxide, lime, and calcium carbonate, there is still

one degree of freedom, i.e. to each temperature there corresponds a

perfectly definite pressure, and the amounts of the phases have no

influence.

The same follows from the law of mass action. If we call the

concentration of carbonate, oxide, and carbon dioxide v
t I, and d

respectively, we obtain the equation l'd = k-v, in which k, the equilibrium

constant, is a function of the temperature. In this equation, however,

the concentrations of the solid substances, v and I, are constant, and

consequently d must be a function only of the temperature.
As an examination of the table shows, the

"
burning

"
of lime by

mere heating cannot be carried out under a temperature of 900, since

it is not till slightly above this temperature that the pressure of the

carbon dioxide reaches one atmosphere and the escape of gas is assured.

Since, however, this equilibrium depends not on the absolute pressure but

only on the partial pressure of the carbon dioxide, the decomposition
can be carried out at a much lower temperature by keeping the partial

pressure of the carbon dioxide sufficiently low. This can be done by

allowing another gas, most simply air, to stream over the heated car-

bonate
;
at each moment, then, there escapes (at most) so much carbon

dioxide that the partial pressure corresponding to the particular

temperature is established.

The great similarity which this phenomenon bears to that of the

boiling and evaporation of volatile liquids, is easily seen. The tempera-
ture of 900 is, so to say, the boiling point of calcium carbonate.

The use of lime for mortar, which has already been mentioned several

times, depends on the converse change into calcium carbonate. Mortar

is a mixture of lime, sand, and water
;

in using it, the stones which

have to be cemented together are moistened with water, a layer of

mortar is introduced between them, and the whole is left to the influence

of the atmosphere. By means of the carbon dioxide which the latter

contains, the calcium hydroxide is slowly converted into carbonate,

water being thereby set free : Ca(OH)2 + C02
= CaC03 + H2

0. The

crystals of carbonate, which are slowly formed, unite with one another

and pass partly into the pores of the stones, the solubility of the lime

enabling a certain, although small, amount of it to get in there. In

this way the well-known firm cementing together is gradually produced,
and becomes firmer as time goes on, since even in very old mortar there

is usually a certain amount of hydroxide present.
The fact that water is set free in the hardening of mortar under the

action of carbon dioxide is the explanation of the phenomenon that

newly built plaster walls, even when they appear dry, again become
wet when the rooms are inhabited, for more water is set free by the

increased amount of carbon dioxide derived from the expired breath of
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the inhabitants. 1 The common method of drying newly built houses

by means of open coal fires depends, therefore, for its action, not only
on the heat produced, but at least as much on the carbon dioxide

formed
;

for this reason it is important that this latter be not again
removed by means of a strong draught of air, but that, on the con-

trary, the change of air should be limited so as to allow of a long period
of action.

526. Calcium Bicarbonate. The solubility of calcium carbonate

(in both its forms) increases considerably when carbon dioxide is present
in the water. This is due to the formation of calcium bicarbonate,

Ca(HC03 )2 . This salt is not known in the solid state, but the increase

in the solubility, just mentioned, is without doubt to be accounted for

by the formation of the univalent hydrocarbanion HC03', because

every case of increase of the solubility of a salt depends on the decrease

of its original ions or on the formation of new ions in the solution

(p. 470).
In answer to the question why calcium bicarbonate cannot, like

potassium or sodium bicarbonate, be prepared in the solid state, it

must be remarked that the dissociation pressure of carbon dioxide

from the solid salt has probably a considerable value even at the ordinary

temperature. For it would be just as little possible to prepare the

bicarbonate of the alkali metals from their solutions if one were com-

pelled to work at 100, without employing a higher pressure. By
increasing the pressure of the carbon dioxide, and keeping the tempera-
ture as low as possible, there is first of all an increase in the amount of

bicarbonate formed in the solution
;
when in this way the point of

saturation has been reached and exceeded, the bicarbonate of the metal

present must separate out in the solid state.

To the ready decomposability of the bicarbonate is due the migration

of calcium in nature. In localities where carbon dioxide is formed and
absorbed by water, it at once proceeds to dissolve the calcium carbonate

which is everywhere present, and thus spring water, and, to a smaller

extent, also river water, carries off corresponding amounts of calcium

in solution. This is deposited as normal carbonate when by any means

(evaporation in the air, or consumption by organisms) carbon dioxide

escapes from the water. In the case of waters rich in carbonic acid,

e.g. those of Carlsbad, this process is very distinctly seen
; for the

carbon dioxide which is dissolved under excess of pressure rapidly

escapes, and causes the water to immediately deposit large quantities
of calcium carbonate (thermal tuff).

The large amounts of calcium which are in this way introduced

iuto the ocean, are to a very considerable extent separated from it by
the organisms which live there, and which use the calcium carbonate-

to build up their shells and framework. Another portion is deposited
in consequence of the consumption of the carbon dioxide by the marine

1 An adult man expires daily about 1 kgm. of carbon dioxide.

2N
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vegetation. In the course of time all these masses are deposited on

the sea floor, and there give rise to the very extensive layers of calcium

carbonate which, in the form of limestone, constitute such a considerable

portion of the earth's crust. It has already, on a former occasion

(p. 452), been stated that by the above process more and more carbon

is gradually withdrawn from the organisms, because the chemical

reactions by means of which the carbon dioxide is again withdrawn
from the limestones are neither very numerous nor very productive.

The solvent action of water containing carbonic acid is the cause

that practically no fossils, i.e. remains of former organisms, are found in

sandstone formations. For these remains consist chiefly of the skeletal

portions formed of calcium carbonate. Where the embedding rocks are

formed by calcium carbonate, the infiltrating water is saturated with this

salt, and does not therefore attack these remains. In sandstone, how-

ever, which consists of quartz, the water contains an excess of carbon

dioxide, and therefore exerts a solvent action on any calcium carbonate

present. If the dissolution does not occur till after the object has

become surrounded by a hard crust, although the object itself is dis-

solved, there remains a hollow mould which subsequently becomes filled

with other material, and in this way many forms have been preserved.
The dissolved salts of the alkaline earth metals are the cause of

the
"
hardness

"
of water, a property which finds expression in the fact

that such water cannot be used for washing. This is due to the soap

reacting with those soluble salts to form insoluble compounds which

are not suitable for washing purposes. Since the carbon dioxide con-

tained in the water can be removed by boiling, and the corresponding
amount of calcium carbonate be thereby precipitated, the hardness of

a water containing bicarbonate is thus diminished. A distinction is

therefore drawn between temporary and permanent hardness ;
the

former is caused by the calcium which is dissolved as bicarbonate

and disappears on boiling, the latter is due to other calcium (and

magnesium) salts, and continues to exist.

The calcium carbonate which is precipitated in this way also con-

stitutes
"
boiler incrustation," i.e. the precipitate which is formed in

vessels in which water is heated to boiling. If the water is not only
heated to boiling but is completely evaporated, as in steam boilers,

the incrustation of course consists of all the solid substances which

were dissolved in the water and are deposited on its removal. Such

boiler incrustation generally consists chiefly of calcium sulphate.
527. Calcium Chloride. Calcium chloride is a colourless salt

very readily soluble in water
;

it is known in the anhydrous condition,

and in forms containing from 1 to 6 moles of water of crystallisation.

There are at least five different hydrates of this salt
;
with rising tem-

perature, some of these exhibit consecutive regions of stability, whereas

other hydrates are unstable, like sodium sulphate with 7H2 (p. 515).

The best known is the hexahydrate, CaCl
2,6H20, which separates out
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from concentrated solutions at a low temperature and forms large,

transparent, and deliquescent crystals. On warming the salt, it melts

completely in its water of crystallisation, and if the heating is con-

tinued, a spongy mass of monohydrate or of anhydrous salt, according
to the temperature employed, is left behind and fuses at a bright red

heat. On fusing, the red-hot salt readily gives off hydrogen chloride,

if water vapour is allowed to act on it, CaCl2 +*H2
= CaO + 2HC1,

and the salt, after fusion, then reacts alkaline. This decomposition
can be avoided to some extent by conducting the fusion in an atmo-

sphere of hydrogen chloride, which is most easily accomplished by
adding ammonium chloride during the evaporation ;

this volatilises on

heating to redness, and thereby decomposes into ammonia and hydrogen
chloride (p. 50).

Calcium chloride is formed as a by-product in many chemical

operations (cf. p. 522), and has scarcely any industrial application.
In the laboratory it is used as a convenient desiccating agent for gases ;

for this purpose it is better to use not the fused salt but the dried

spongy mass, which has a quicker action. Like all desiccating agents,
calcium chloride does not remove the water vapour entirely, but only
to such a degree that the vapour pressure is equal to the vapour pressure
of the hydrates present (p. 515). For most purposes this is certainly
small enough ; still, the aqueous vapour pressure from concentrated

sulphuric acid, for example, is very much smaller, and this is therefore

aMnuch more perfect desiccating agent.
Calcium chloride must not be used for drying ammonia, since

it combines with this to form a white mass having the composition
CaCl

2 + 4NH3 . Even at the ordinary temperature, this substance

gives off ammonia under a small pressure, and to each temperature
there corresponds a definite pressure of ammonia. It is a case of

chemical equilibrium of quite the same character as that between
calcium carbonate, lime, and carbon dioxide

;
in this case the two

solid phases are calcium chloride and its ammonia compound, and the

gaseous phase is ammonia.
Another application of calcium chloride, which also depends on its

great solubility, is in the production of powerful freezing mixtures. A
saturated solution of calcium chloride does not freeze till -37, and
therefore the temperature of a mixture of crystallised calcium cnloride

and ice falls to that point. It is necessary to use crystallised, and not

fused salt
; the latter is much less efficient, because it dissolves in water

with considerable rise of temperature, while the crystallised salt with

6H
2 dissolves with considerable lowering of temperature.
528. Calcium Hypochlorite and Bleaching Powder. To

render the chlorine for bleaching purposes suitable for transport, it is

absorbed by lime. In this way a white powder smelling of chlorine is

obtained
; it contains about 30 per cent of chlorine, and it gives this

up in almost undiminished amount when the lime is converted by an
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acid into the corresponding salt. This product is called bleaching

powder. It is prepared and used in very large amounts. Its use also

is not confined to bleaching, but it is also employed for disinfecting,
for oxidising, and for many other purposes in preparative chemistry.
We have found it previously to be a convenient means of preparing
chlorine (p. 194).

Bleaching powder can be regarded as a mixture or as a compound
of calcium hypochlorite and calcium chloride, formed in accordance

with the equation 2CaO + 2C12
= CaCl2 + Ca(OCl)2 ,

or CaO + C12
=

Cl
^a

OCl'
an(^ havm the composition here represented. Much discussion

has taken place as to which of the two formulae is to be preferred, but
no decision has been arrived at. This is connected with the fact that

it would be difficult to 'state in what essential point two compounds
having the composition represented by the two formulae would differ.1

In aqueous solution, at all events, no difference between the two formulae

exists, since in it essentially the separate ions Ca", Cl', and OC1' are

present.

By acids of all kinds, even by the weak carbonic acid, as much
chlorine is liberated from bleaching powder as was used in its prepara-
tion. This is most easily seen by writing the ionic equations. On

bringing together two combining weights of hydrion with the above-

mentioned anions of bleaching powder, the reaction occurs : Cl' 4- OC1' +
2H' = C12 +H20. Since in this reaction hydrogen ions are used up,
actual ions are not required for the process, but potential (p. 272) ones

are sufficient.

The oxidising actions of bleaching powder depend on the presence
of hypochlorosion, OC1', which can pass into chloridion with loss of

oxygen: OC1' = C1' + 0.

The bleaching powder, which is prepared commercially, is not a

pure compound, and it is therefore necessary to determine the amount
of its available chlorine. The amount also changes with time. This

depends, on the one hand, on the fact that the bleaching powder loses

oxygen, the hypochlorite thereby passing into chloride, Ca(OCl)2
=

CaCl2 + 2 ,
and partly on a transformation of the hypochlorite into

chlorate, corresponding to the reaction described on p. 239. Although
the chlorates in presence of chlorides also evolve chlorine under the

action of acids, this reaction is much slower and requires more con-

centrated solutions than is the case with the hypochlorite, so that it

does not occur to an appreciable extent under the conditions under which

bleaching powder is usually employed. Finally, in the case of bleaching

powder which is not carefully kept, a portion of the chlorine is driven

off by the carbonic acid of the air.

1 A difference would be proved if it could be shown that differences of any kind, e.g.

in the heat of solution, existed between bleaching powder and a mixture of the two salts.

Calcium hypochlorite, however, is scarcely known in the pure state.
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The determination of the available chlorine in bleaching powder
is performed by making up a weighed quantity of the latter to one

litre with water and allowing the solution to stand till it becomes clear.

The solution is then allowed to run from a burette into a measured

solution of sodium arsenite, which is obtained by dissolving arsenic

trioxide in sodium bicarbonate. The anion of arsenious acid, As03"',

is converted into that of arsenic acid by the oxygen of the hypochlorite :

As03
'" + C10' = As04

'" + Cr. One mole of arsenious acid, therefore,

corresponds to one combining weight of oxygen, or two combining

weights of chlorine, which are required for the formation of one mole

of hypochlorosion. The end of the reaction is ascertained by bringing
a small trace of the liquid on a piece of paper containing potassium
iodide and starch

;

x so soon as the arsenious acid is oxidised and the

smallest excess of hypochlorite is present, a blue spot is produced from

the liberation of iodine from the potassium iodide. In the case of

such a
"
spot test," the end is most quickly attained by first making

a rapid approximate experiment and then repeating the analysis,

running in most of the liquid at once, so that only the last portion has

to be added in drops and tested.

Like all hypochlorites, bleaching powder is an unstable compound
(p. 235), which passes spontaneously into the more stable form, calcium

chloride and oxygen, and whose period of existence is therefore limited.

Pure, dry bleaching powder is stable enough for its technical application,
but there are catalysers which greatly accelerate the decomposition.
Such substances are, more especially, the higher oxides of the heavy
metals, cobalt and nickel

;
on adding a little of a cobalt salt to a con-

centrated solution of bleaching powder, whereby the metal is at once

converted into the corresponding oxide, the evolution of oxygen com-

mences and becomes very energetic on slightly warming. The reaction,

therefore, 2C10' = 2C1' + 2 ,
which of itself takes place very slowly, is

converted into a rapid one.

529. Calcium Bromide and Calcium Iodide are very readily

soluble salts, still more deliquescent than the chloride, and have no.

special application. The iodide is characterised by the fact that it

very rapidly becomes brown in the air owing to the liberation of iodine.

This is due to decomposition by the carbonic acid of the air, by the

action of which a trace of hydriodic acid is formed which is forthwith

converted by the atmospheric oxygen into iodine and water. The

reason why this process takes place so much more readily in the case

of calcium iodide than, e.g., with potassium iodide, is that the calcium

carbonate which is formed has, by reason of its slight solubility, no

action on free iodine, whereas potassium carbonate would partly convert

free iodine into iodide and iodate, i.e. would to a certain extent hinder

the formation of free iodine.

530. Calcium Fluoride. Unlike the other halogen compounds
1 Almost all writing paper contains starch.



550 PKINCIPLES OF INOKGANIC CHEMISTRY CHAP,

of calcium, calcium fluoride, CaF
2 ,

is very sparingly soluble in water.

The salt forms a widely distributed mineral which is known by the

name of fluor-spar ; it crystallises in cubes and in other forms of the

regular system, is colourless and transparent in the pure state, but,

owing to the presence of impurities, is generally coloured in various

bright tints.

The name fluor-spar is derived from its application in metallurgical
work for rendering the slags which are there formed, readily fusible.

This action depends on the general fact that the freezing point of a

liquid is depressed by the solution in it of foreign substances
;

it is, of

course, of no importance for this action whether the freezing point is

at or at 1000. The element fluorine (p. 266), also, has received its

name on account of its preparation from fluor-spar.
Another name which is connected with this is fluorescence, which

is used to designate the property possessed by certain substances of

changing incident light into light of (generally) greater wave-length.
This property was first investigated with some degree of thoroughness
in the case of certain kinds of fluor-spar, but the property is a very

frequent one, and is more strongly developed in some other substances

than fluor-spar.

Fluor-spar is the most important starting substance for obtaining

hydrofluoric acid and the other fluorine compounds. Even at the

present time large quantities of it are used directly for the purpose of

etching glass ;
the salt is mixed with concentrated sulphuric acid, and

the articles to be etched are exposed to the action of the vapours of

hydrofluoric acid which are evolved.

531. Calcium Nitrate, Ca(N03)2 ,
is being formed unceasingly

through the activity of the nitrifying bacteria (p. 490) in the soil, since

calcium is the most widely distributed of the salt-forming elements

which have here to be taken into account. In localities where the

formation of nitrate is abundant, such as in the neighbourhood of cattle

sheds, the anhydrous salt sometimes crystallises out during dry weather
on the stone walls in the form of thin needles which have almost the

appearance of mould. As a rule, no great accumulation of the salt

occurs in the soil, since the nitrates formed are at once taken up by
plants.

The pure salt is very soluble in water, and at medium tempera-
tures, crystallises with 4H20. It, also, is capable of forming a fairly

large number of different hydrates.
532. Calcium Sulphate, CaS04 ,

is sparingly soluble in water ; it

occurs very widely distributed in nature, and, after calcium carbonate,
is the most abundant salt of calcium. It occurs in two forms. It

occurs most frequently as gypsum, in monoclinic, sometimes very large
and transparent crystals with two moles of water of crystallisation ;

and more rarely as anhydrite, in anhydrous, rhombic crystals. The

solubility of these two forms is different, gypsum being more sparingly
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soluble than anhydrite. In the presence of water, therefore, the latter

is the less stable form and changes into gypsum ;
in this case, also,

the presence of a
"
nucleus

"
of the more stable form has an essential

influence on the process.
The solubility of gypsum amounts to about 2 gm. per litre ; as the

temperature rises, the solubility first increases, reaches a maximum at

40, and then decreases. On being heated to 120, gypsum loses |ths
of its water of crystallisation,

1 and the transparent crystals are thereby
converted into a chalk-white powder, which has a manifold application
under the name of plaster of Paris. Its use depends on the fact that the

powder again takes up its water of crystallisation in contact with water ;

the long needles of the crystallised gypsum are thereby again formed,
and these, intergrowing with one another, form a compact mass. This

material is made use of for moulding objects for use and works of art,

for plastering walls, for bandages in surgery, etc. The hardening of

plaster of Paris which has been worked up with water takes place in

about a quarter of an hour, and is accompanied by a feeble but

appreciable rise of temperature.
Plaster of Paris is a chemical compound, a hemihydrate, 2CaS04 ,

H
20, which can be obtained in crystals by allowing ordinary gypsum to

stand with concentrated nitric acid and then evaporating off the latter.

If gypsum is heated above 300, it loses all its water, and no longer
sets with water. It is then said to be

"
dead burnt." In this condition

it is probably the same as the natural anhydrite, which also does not

combine with water in measurable time. If, however, gypsum is

dehydrated at a low temperature over sulphuric acid, it can part with

all its water of crystallisation without losing its power of setting.

This peculiar difference in behaviour is probably due to the presence,
in gypsum dehydrated at low temperatures, of

"
nuclei," or traces of

undecomposed hydrate, which in the case of dead-burnt gypsum have

been destroyed by the high temperature employed.
The following experiment illustrates this view. If effloresced

Glauber's salt, in which
"
nuclei

"
are still present (p. 515), is mixed

with a little water, the mixture at once hardens to a solid mass of

Glauber's salt
;

but if the powder is previously heated, so that the

nuclei are destroyed, and is then mixed with water, avoiding the intro-

duction of nuclei from without, no solidification occurs, but a paste is

formed consisting of a saturated solution of the anhydrous salt along
with undissolved substance.

The hemihydrate is an unstable form, and on being kept for a long
time passes spontaneously into a mixture of the dihydrate and anhy-
drite. Consequently the hemihydrate is also not found in nature

;
but

is formed in the dehydration of the dihydrate in accordance with the

law of the prior formation of the less stable form.

1 The vapour pressure of the water of crystallisation amounts to one atm. even at

107, but the temperature must be raised to 120 to obtain a rapid decomposition.
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The naturally occurring anhydrite is generally found along with

common salt as the residue from the evaporation of former seas.

Experiment also shows that gypsum passes into anhydrite in presence
of a saturated solution of common salt above 30. This is due to the

fact that the vapour pressure of the water from gypsum in the trans-

formation into anhydrite
*

is greater than that from the saturated

solution of common salt. If, therefore, a mixture^of gypsum and some

anhydrite be placed along with a saturated solution of common salt in

an enclosed space, water must pass off from the gypsum and be taken

up by the solution of salt. If, therefore, under these circumstances,
the two substances are not in equilibrium, neither can they be so when

they are in direct contact, i.e. in the presence of a saturated solution

of common salt calcium sulphate cannot be deposited and remain as

gypsum, but must separate out as anhydrite or be converted into this.

On the other hand, dehydrated gypsum takes up water from a

solution of common salt at the ordinary temperature ;
the two vapour

pressure curves cut one another at 30. In the case, however, of the

naturally occurring residues of evaporation, the mother liquors always
contain large amounts of magnesium chloride, and have, therefore, a

much smaller vapour pressure than the pure solution of common salt,

so that the above discussion can be applied to these mother liquors
even at a lower temperature.

533. Calcium Sulphide. The crude calcium sulphide, CaS, has

already been met with as a by-product in the manufacture of soda by
the Leblanc process (p. 521). It can be obtained in the pure state

by the reduction of calcium sulphate with charcoal or hydrogen, or by
strongly heating lime in an atmosphere of sulphuretted hydrogen or

of carbon disulphide.
The salt is a whitish-yellow, scarcely fusible mass, which is only

very slightly soluble in water, but is decomposed on being warmed
for some time with it, calcium hydrosulphide passing into solution,

and calcium hydroxide remaining behind : 2CaS + 2H2
= Ca(HS)2 +

Ca(OH)2 . This process corresponds exactly with the decomposition
which the soluble sulphides of the alkali metals experience (p. 489),

only that in this case the hydroxide formed is deposited on account of

its slight solubility.

The above-mentioned calcium hydrosulphide, Ca(HS)2 ,
or the acid

calcium salt of sulphuretted hydrogen, is known only in solution ;

solutions containing a fairly large quantity of it can be obtained by
passing sulphuretted hydrogen into water in which calcium sulphide
is suspended. On concentrating the solution, sulphuretted hydrogen
passes off along with water vapour, and only calcium sulphide, or its

products of decomposition, is obtained.

If calcium sulphide is heated with sulphur and water, the com-

1 This vapour pressure is also greater than in the transformation of dihydrate into

hemihydrate.
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pounds CaS4 and CaS5
are formed, which dissolve in water with an

orange-red colour
; compounds with two or three combining weights

of sulphur are not known. Milk of sulphur (p. 284) is prepared by

decomposing these polysulphides of calcium with acids.

The moist calcium sulphide, such as was obtained as a residue in

the older process of soda manufacture, readily oxidises in the air,

polysulphides of calcium, and, subsequently, calcium thiosulphate, being

thereby formed. By decomposing the mass when it is in this state

with sodium carbonate or sodium sulphate, sodium thiosulphate can be

obtained. The purifying material containing calcium sulphide which

is obtained in gas-works, is also used for the same purpose. Fresh,

moist soda-waste can be converted into calcium carbonate and sul-

phuretted hydrogen by means of carbon dioxide ;
the sulphuretted

hydrogen on being burned again yields sulphur or sulphur dioxide.

On this depends a method of
"
sulphur regeneration

"
(p. 522).

Some specimens of calcium sulphide, after having been illuminated,

have the property of shining with their own light, or of phosphorescing.
It has, however, been found that this property does not belong to the

calcium sulphide itself, but is produced by the presence of quite small

amounts of the sulphides of some heavy metals (bismuth, manganese).
Such material has a certain technical importance as

"
phosphorescent

paint," for applying to such objects as it is desired to render visible in

the dark.

534. Calcium Phosphate. The salts which phosphoric acid forms

with calcium are of great importance for organic life. On the one

hand, the bones of the vertebrate animals consist chiefly of calcium

phosphate ;
on the other hand, the naturally occurring calcium phos-

phates are the most important source of the phosphoric acid which is

employed for manurial purposes, and which is indispensable for an

intensive cultivation of the soil.

The normal or saturated calcium phosphate, Ca3(P04)2 ,
occurs in

nature as phosphorite, in masses which are partly of organic origin.

The salt is obtained as a white, amorphous precipitate which shows

no tendency to become crystalline, by the precipitation of a calcium

salt with a solution of sodium phosphate which has been rendered

alkaline. When dry, it is a white, very difficultly fusible powder.
The residue, bone-ash, which is left on destroying the organic matter

of bones by burning in air, consists essentially of impure tricalcium

phosphate.
Tricalcium phosphate is practically insoluble in water but dissolves

readily in dilute and weak acids, e.g. acetic acid. This ready solu-

bility in acids is due to the tendency of the tervalent ion P04
"'

to unite

with hydrion and to pass into the bivalent HP04
"

(p. 392). In the

soil, also, where this salt either is already present or is at once formed

on manuring with soluble phosphates, it is gradually attacked by the

carbonic acid and made available for the plants. This is seen from
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the fact that tricalcium phosphate dissolves much more abundantly
in water containing carbonic acid than in pure water.

When a normal calcium salt is mixed with a solution of ordinary
disodium phosphate, an amorphous precipitate is at first deposited,
the composition of which approximates to that of the normal salt.

On standing and more quickly on slightly acidifying, the precipitate
is converted into small, lustrous crystals of dicalcium phosphate,
Ca2H2

P
2 8

= 2CaHP04 ,
which are anhydrous when formed at moder-

ately high temperatures ; the crystals which are formed in the cold

contain 2H20.

This salt does not dissolve unchanged in water, for in contact with

much water it becomes turbid and yields a liquid with an acid reaction,

along with an amorphous residue whose composition approximates to

that of the normal salt. This reaction seems to depend on the very
slight solubility of the normal salt, in consequence of which the ions

present unite to form that salt, while a corresponding excess of hydrion
is produced in the solution and causes the acid reaction The reactions

which occur can be represented by the equation 3Ca" + 2HP04
" =

Ca3(P04)2 + 2H', but it must be kept in view that this transformation

affects only a part of the substance present, and that we are dealing
with a chemical equilibrium which is altered by the temperature and
concentration.

Finally, from more strongly acid solutions, the monocalcium phos-

phate, CaH4P2 8 , crystallises out in lustrous crystals which dissolve in

much water apparently unchanged ; when, however, less water is taken,
an amorphous salt containing more calcium is deposited, and a solution

with a strongly acid reaction is formed. This salt is the chief con-

stituent of the artificial phosphoric acid fertiliser known as super-

phosphate. The latter is prepared by decomposing normal calcium

phosphate with sulphuric acid according to the equation Ca3(P04)2 +
2H2S04

= CaH4(P04) 2 + 2CaS04 .

Thomas slag, which is a by-product obtained in the manufacture of

iron, being formed in the process of removing the phosphorus contained

in pig-iron by fusing the latter in presence of oxidising substances

and of lime, consists essentially of normal calcium phosphate. The

slag contains an excess of lime, and in moist air rapidly disintegrates,

therefore, to a fine powder which is sufiiciently susceptible to decom-

position by water and carbonic acid. It is used, therefore, as a fertiliser

without being previously treated with acid.

535. Apatite is a mineral crystallising in hexagonal prisms, and is

a double salt of calcium phosphate and calcium fluoride, or chloride,

having the formula Ca5(P04)3Cl or Ca
5(P04)3F. We can imagine

these as being composed in such a way that the hydrogen of three

combining weights of phosphoric acid and of one halogen hydride are

replaced by calcium. Since one combining weight of calcium replaces
two combining weights of hydrogen, the nine combining weights of
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hydrogen present from the phosphoric acid cannot be replaced without

remainder by the bivalent calcium. Five combining weights of calcium

enter, and the tenth unit is satisfied by the univalent halogen, fluorine,

or chlorine.

536. If acid calcium phosphate is heated, it loses water and passes
into calcium metaphosphate, Ca(P03 )2

. This salt is of importance
as the starting substance in the preparation of phosphorus, which is

obtained by strongly heating this salt with charcoal. There then occurs

the reaction 3Ca(P03 )2 + IOC = 4P + Ca3(P04)2 + 10CO, and the phos-

phorus vapour which is formed passes, on cooling, into white phos-

phorus. At the present day, however, phosphorus is no longer prepared
in this way, but -in the electric furnace, a mixture of calcium ortho-

phosphate, quartz sand, and charcoal being probably employed. Details

of this process are, however, not yet known.
537. Calcium Acetate. A certain interest attaches to the calcium

salt of acetic acid (p. 427), from the fact that it is an intermediate

product in the preparation of pure acetic acid from the crude product,
wood vinegar, formed in the dry distillation of wood. In order to

separate acetic acid from the other non-acid substances present, it is

converted into a salt, and for this purpose lime, being the cheapest

base, is employed. The solution of the crude salt is evaporated to

dryness and rather strongly heated in order to destroy a large portion
of the impurities present. The salt is placed on the market in this

form, and is worked up for acetic acid and other substances, in special
works.

Calcium acetate has the composition Ca(C2
H3 2)2 ,

and is a salt

which is very readily soluble in water, and which crystallises with

1H
20. Acetic acid is liberated from it by sulphuric acid.

If calcium acetate is heated with excess of lime, methane is formed :

Ca(C2H3 2 )2 + Ca(OH)2
= 2CH4 + 2CaC03 (p. 427). Heated without

the addition of lime, it yields another substance called acetone, accord-

ing to the
equation Ca(C2

H3 2 )2
= CaC03 + C3H6 ;

this is a colourless,

volatile liquid, and has a manifold application in chemical industry.
538. Calcium Oxalate. It has already been mentioned that the

calcium salt of oxalic acid, CaC2 4 ,
is used for the detection and pre-

cipitation of calcium. Calcium oxalate is exceedingly slightly soluble

in water, and is at once formed when oxalanion and calcion come

together in solution. The precipitate is practically insoluble in acetic

acid, but is soluble in dilute hydrochloric and nitric acids
;

in fact, in

all strong acids which form soluble calcium salts.

The reason of this is that oxalic acid is an acid the strength or

electrolytic dissociation of which lies between that of hydrochloric
acid and of acetic acid. If calcium oxalate is brought into contact

with water, a very small quantity of the precipitate dissolves. If

acetic acid is added to the liquid, it contains such a small amount of

free hydrion that only an extremely slight change takes place in the
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chemical equilibrium, in such a sense that quite a small quantity of

the oxalanion unites with hydrion to form undissociated oxalic acid, or

the univalent hydro-oxalanion, C2 4H' ;
the consequence is a very

small increase in the amount of salt passing into solution. Since, as

it is, the solubility of calcium oxalate is very slight, this increase is of

no account analytically.

The case is different when a strongly dissociated acid, like hydro-
chloric acid, is added. A large amount of hydribn is then introduced

into the solution, and, accordingly, a comparatively large amount of

oxalanion, C2 4", disappears, owing to the formation of HC2 4
' and

H2C2 4 ,
and must be replaced by more calcium oxalate passing into

solution. Accordingly, much more of the precipitate will be dissolved,

and with a sufficient amount of hydrochloric acid the whole precipitate

passes into solution.

For this reason, in precipitating calcion with oxalanion, one does

not use a solution oifree oxalic acid, whereby the detrimental hydrion
would be introduced into the solution, but ammonium oxalate is em-

ployed. If the solution itself is strongly acid, the excess of hydrion
can be removed by addition of sodium acetate

; acetanion, being the

ion of a weak acid, unites with the greater part of the hydrion to form

undissociated acetic acid, and only a harmless amount of hydrion is

left behind.

According to the temperature employed, the precipitate of calcium

oxalate contains various amounts of water of crystallisation, and can-

not, therefore, be weighed as such in the quantitative determination

of calcium. It is therefore heated either gently to convert it into

calcium carbonate (CaC2 4
= CaC03 + CO), or, since some calcium

oxide can thereby be readily formed, it is better to heat it to a bright
red heat, whereby it is completely converted into calcium oxide.

Calcium oxalate is also found as a constituent of certain urinary
calculi and is very widely distributed in almost all plants ;

in the cells

of the latter the comparatively large, transparent octahedra of hydrated
calcium oxalate, which have the appearance of an envelope, can be

readily recognised under the microscope.
539. Calcium Carbide. If carbon acts on lime at a very high

temperature, there occurs the reaction CaO + 3C = CaC2 + CO. The

compound CaC2 which is formed is called calcium carbide, and has been

manufactured for some years in very large quantities for conversion

into acetylene (p. 434), and calcium cyanamide (p. 557).
The reaction is carried out in the electric furnace, but the process

has nothing to do with electrolysis, the current serving only to produce
the requisite high temperature, and to yield the large amounts of

energy which the reaction requires. In Fig. 118 an experimental
electric furnace is represented, formed simply of refractory stone.

Pure calcium carbide forms almost colourless crystals. The com-
mercial product appears as a black-grey mass of irregular lumps, having
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FIG. 118.

the characteristic smell of phosphoretted hydrogen, which, however, is

due only to impurities. Its density is 3-22, and it does not melt below
a white heat.

The most important reaction of the carbide is that it is decom-

posed by water with formation of calcium hydroxide and acetylene :

CaC2 + 2H2
= Ca(OH)2 + C2H2 . In this reaction a considerable amount

of heat is developed,
so that if water is

allowed to come into
(

contact with a com-

paratively large quan-

tity of carbide, the

temperature can rise

to a red heat. The

acetylene is, however,

decomposed under such

conditions, and a poorly
luminous gas is obtained. Those acetylene generators, therefore, are

the best in which the carbide falls into a comparatively large quantity
of water, or in which the rise of temperature is otherwise avoided.

The problem of making an automatic acetylene generator, which

appears capable of simple solution on the principle of the apparatus
described on p. 129, has in reality turned out to be very difficult. This
is due, on the one hand, to the fact just mentioned, and on the other

hand, to the fact that calcium carbide reacts powerfully even with water

vapour, so that the so-called after-evolution of gas, i.e. a constant evolu-

tion of gas even when the apparatus should be at rest, is difficult to

avoid.

The detrimental effect of moderate heat on acetylene can be easily
shown by allowing the gas to pass through a horizontal tube before

entering the burner. So long as the tube is cold, the flame burns

very brightly, but so soon as it is heated even to a dark red heat, the

flame becomes almost non-luminous, and charcoal is deposited in

the tube.

If heated in an atmosphere of nitrogen calcium carbide combines
with the gas to form a new compound calcium cyanamide : CaC2 +N2

=
CaCN2 + C. When calcium cyanamide is treated with hot water the

nitrogen is split off as ammonia : CaCN2 + 3H2
= CaC03 + 2NH3 .

The same reaction takes place slowly in the cold, so that the substance

can be used as a nitrogen manure. It is placed on the market under
the name nitrolim.

540. Calcium Silicate and Glass. Silicates of calcium occur in

the pure state in nature, forming unimportant minerals which have
but a slight distribution (wollastonite). Combined with other silicates,

however, calcium silicate is a very frequent constituent of the naturally

occurring minerals.
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As a chemical product, also, calcium silicate itself is of no importance,
but is of great importance when mixed with the silicates of the alkali

metals. These mixtures constitute glass, the well-known resistant and

transparent material which finds an application in all departments of

daily life, in the manufactures, in art, and in science.

Glass is a mixture of potassium or sodium silicate and calcium

silicate. This is the composition of ordinary window-glass or of glass-

ware. For special purposes, still other metal oxides are used, and also

phosphoric and boric acids in place of silicic acid.

The chemical composition of good glass agrees approximately with

the formula A2CaSi6 14 ,
where A signifies potassium or sodium or both.

Ordinary glass, however, generally contains less silicic acid, since it is

then more easily fusible.

Glass is amorphous, as is shown by its isotropic nature and the

absence of a definite melting point. In certain glasses there is a tendency
for some portions to separate out in the crystalline state

;
this is known

as devitrification, and it is endeavoured to avoid this condition by a

suitable change in the proportions of the mixture. All the same,
devitrification occurs in the case of almost all glasses when they are

maintained for a long time at a temperature near the point of softening,
but with good glass the process takes place with extreme slowness.

Whilst alkali silicate is fairly readily dissolved by water, glass is

very resistant to this. It is attacked least of all by acid solutions
;

pure water attacks it more strongly, and alkaline solutions most strongly
of all. By exposure for some time to the action of steam, the surface

of glass vessels becomes less easily attacked. Moreover, the resistance

of the glass depends very largely on its composition ;
it is all the less

the poorer the glass is in silicic acid and the richer it is in alkalis.

Further, the remarkable behaviour has been discovered that glass which
contains potash or soda alone, is much more resistant than glass which

contains both alkalis together.

By reason of the inclination towards economy of fuel, it had formerly
become a custom in glass-works to manufacture a readily fusible glass,

rich in alkali, so that the bad and feebly resistant character of such

glasses become a source of distress. The scientific investigations
which were in consequence carried out, some of which have been

mentioned above, at once led to a suitable adjustment of the factors

which must be taken into account for manufacturing purposes, and at

the present time there is produced at many places, and especially at

Jena, a glass for apparatus which is considerably superior in quality
to the best sorts of glass previously made.

The action of water on glass consists in free alkali and alkali silicate

passing into solution, a hydrated silicate containing less alkali being
left. This action increases very rapidly with rising temperature, and
above 200 no glass withstands the action of water.

In the manufacture of glass, one starts with silicon dioxide (quartz
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sand), potassium or sodium carbonate, and calcium carbonate. The

components, mixed in the proper proportions, are first maintained for

some time at a moderate red heat
;

the silicates are thereby formed,
but no fusion, only sintering, occurs. This proceedure is adopted in

order that the carbon dioxide may escape without the mass being
thrown out of the vessels by the evolution of gas. The "

frit
"

is then

fused at a higher temperature, and is maintained at such a temperature
for a sufficiently long time to allow the gas bubbles to escape, and the

undissolved pieces of the mass to sink to the bottom.

If the glass is to be worked up by pouring into moulds, it may be

used in the above condition of a thin liquid. Generally, however, the

glass is
"
blown," and for that purpose it must be rendered more viscous

by lowering the temperature. The blowing of glass is a shaping of it

with the help of surface tension. A certain amount of the liquid glass
is taken up with an iron tube, the

"
blow-pipe," and is blown up like

a soap-bubble. The fundamental form which is obtained is therefore

a hollow sphere ;
under the action of gravity, of centrifugal force, and

especially by suitably heating and cooling different parts of the object,

very various forms can be produced.
For many pieces of apparatus, especially when small and compli-

cated, the glass is worked before the blow-pipe, after it has been brought
into the form of tubes of various thickness and width in the glass-works.
These tubes are obtained by first blowing a bulb, then fusing an iron

rod to a point diametrically opposite to the blow-pipe and rapidly

separating the two points of attachment from one another. A very

elongated ellipsoid is formed, the middle portion of which does not

deviate materially from a cylinder. In working before the blow-pipe,
the same aids are employed as in the works, viz. surface tension and
suitable heating.
* Moulded objects must be

"
annealed," and this must be all the

more carefully done the thicker and larger those objects are. The

annealing consists in allowing the temperature of the glass to sink

only very slowly. Quickly cooled glass contains internal strains,

which arise in the following manner. In rapid cooling, a low tempera-
ture is soon established at the surface, and the outermost layer solidifies

while the interior is still very hot. The external volume of the lump
corresponds, therefore, to the volume possessed by the interior portion
at the high temperature ;

when the mass has become quite cold, the

interior tends to contract, and thereby exerts on the outer layer a

pressure which is directed inwards. In the case of thick glass which
has been quickly cooled, this pressure is so great that if the surface

is slightly scratched, the mass suddenly flies into many pieces ;
this

can be seen with
"
Rupert's drops," which consist of glass treated in

the above manner. If, however, the cooling is performed slowly, the

different parts of the mass have always about the same temperature,
strains cannot be produced.
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Pieces of a regular shape, e.g. cylindrical tubes, generally do not

require to be annealed, because the strains are distributed symmetri-

cally, and under certain conditions can then even become useful.

Glass consisting of pure calcium and alkali silicate is colourless.

For cheaper kinds, less pure material is used, and the iron, which is

seldom absent, imparts the well-known black-green or brown colour to

the glass, as is seen in the case of bottle-glass. In the place of sodium
carbonate also, the cheaper sodium sulphate is frequently employed ;

charcoal is then added, so that sodium sulphite is formed, which is

more readily converted into silicate by the silicic acid. Such glass

generally contains some sodium sulphate or even sodium sulphide, and
under certain circumstances these can give rise to considerable errors

in chemical operations.
Coloured glass is obtained by the addition of various metallic oxides.

Thus, cobalt oxide gives blue
; copper oxide and chromium oxide, green ;

iron oxide, yellow to brown ; manganese dioxide, violet glass. Further,

glass has the remarkable property of dissolving various metals in the

colloidal state. Very intense colorations are then produced ;
dark

red with copper or gold, yellow with silver. Charcoal also dissolves in

melting glass, and imparts to it an intense yellow-brown colour.

Milk glass is prepared by adding calcium phosphate (bone-ash) or

tin dioxide, which do not dissolve in the glass, and therefore give it a

white and opaque appearance.
541. Combining Weight of Calcium. In spite of the great im-

portance of this number, which comes into account in all mineral

and water analyses, the very inaccurately determined number Ca = 40
was long used, and it is only quite recently that experiments of

proper accuracy have been carried out. These have given the value

Ca = 40-07.
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MAGNESIUM

542. General. Magnesium bears the same relation to calcium as

sodium does to potassium. This relation finds expression not only
in the values of the combining weights, but also in the similarities to

the other members of the group. This is particularly well seen in

the fact that magnesium is of more frequent occurrence than calcium,
and that, in its properties, it differs from calcium more than the latter

does from the corresponding elements of higher combining weight,
strontium and barium.

That an elementary metal is present in the magnesium salt, was

regarded by Davy as indubitable from the time that the corresponding
fact was recognised in the case of potassium
and sodium. Bunsen, however, was the first to

prepare the metal itself. He obtained it by the

electrolysis of the fused chloride.

The electrolysis can be performed in the

lecture by employing fused carnallite as electrolyte
and using the apparatus represented in Fig. 119.

The partition and the prolongation of the crucible

are of asbestos millboard, the cathode is a piece
of iron wire, and the anode a thin arc-carbon.

The strength of the current is about 3-10 amperes.

Magnesium is now manufactured in very large
amount by electrolysis, and is used for various purposes! It is a white,
rather tough metal, which keeps fairly well in the air

;
it is scarcely

attacked by cold water, but in boiling water it slowly evolves hydrogen.
In dilute acids it very rapidly dissolves, with energetic evolution of

hydrogen. It melts at about 750, and volatilises at a bright white

heat.

Heated in the air, magnesium burns with a very bright, white flame,

which is largely made use of. For example, instantaneous photographs
can be easily taken by magnesium light. For this purpose magnesium
is used in powder form, and is either blown through a flame or is mixed

561 2o

Fio. 119.



562 PKINCIPLES OF INOEGANIC CHEMISTKY CHAP.

with potassium chlorate or perchlorate, sometimes with potassium

permanganate, and ignited.

The former method has the advantage that comparatively little

metal is required, especially when pure oxygen is used instead of air

for blowing it
;

but it has the disadvantage that the flash lasts for

a comparatively long time, about 0-3 second. The second method

requires larger quantities of magnesium, but the flash lasts only 0-1

second, or less. The last - mentioned mixture, however, is rather

dangerous, as it readily explodes ;
it ought not, therefore, to be prepared

in large quantity.

Magnesium is also used for other purposes where a bright, transient

light is required ;
in such cases the magnesium is generally burned in

the form of ribbon in specially constructed lamps. Magnesium is also

used for adding to fireworks.

Magnesium is an exceedingly effective reducing agent at a high

temperature. Silicon, boron, and most of the other metals can be

obtained by heating their oxygen compounds with magnesium powder,
the latter thereby passing into its oxide, MgO.

543. Magnesion. Like the other elements of this group, magnesium
forms only one kind of ion, viz. bivalent magnesion, Mg". This is

colourless, and can be detected by means of a number of precipitations.
Its heat of formation from the metal amounts to 456 kj. Univalent

magnesion is produced transitorily in the incipient oxidation of metallic

magnesium.
Of its special properties, it may be mentioned that it forms with

hydroxidion a very sparingly soluble hydroxide, which is precipitated
from solutions containing magnesion by the addition of dissolved

hydroxides of the alkali and the other alkaline earth metals. For the

detection and determination of magnesion, ammonium magnesium
phosphate, MgNH4P04 ,

is chiefly used
;

this is deposited as a hydrated,

distinctly crystalline precipitate on adding phosphanion along with

ammonia to a solution containing magnesion. A mixture of sodium

phosphate and ammonia is generally employed. The other alkaline

earth metals, as well as all heavy metals, must have been previously
removed from the solution, as is, indeed, customarily done in the regular
course of

analysis.
Powerful physiological or medicinal actions are not possessed by

magnesion, but it has a distinctly bitter taste. It does not play any

special role in the animal organism, although, on account of its frequent
occurrence in the earth's crust, it is generally present in it.

544. Magnesium Hydroxide and Magnesium Oxide.

Sparingly soluble magnesium hydroxide immediately separates out

as a white, somewhat gelatinous precipitate from solutions in which

magnesion and hydroxidion come together. Although sparingly, it

is still appreciably soluble in water, for it produces distinctly blue

marks on moistened litmus paper. In accordance with known laws
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(p. 470), the solubility is less in solutions containing hydroxidion.
The presence of magnesion has the same effect, if new compounds
are not formed.

This seems to be contradicted by the fact that magnesia dissolves

abundantly in any ammonium salt, e.g. ammonium chloride. The

explanation of this is, however, as follows : Ammonia is a slightly
dissociated base ; when, therefore, ammonion and hydroxidion come

together in solution, the greater part of these unite together to form

undissociated ammonium hydroxide or ammonia. If, now, water is

poured over some magnesium hydroxide, a certain small amount of this

passes, as already mentioned, into solution, magnesion and hydroxidion

being formed. If to this solution a fairly large quantity of ammonion
is added, this withdraws the greater part of the hydroxidion, and more

magnesium hydroxide must pass into solution in order that the solu-

bility product may be reached. These fresh amounts of hydroxidion
which go into solution are also removed, and this process goes on until

either all magnesium hydroxide is dissolved or the equilibrium between

hydroxidion and ammonion is attained.

If, to such an ammoniacal solution, excess of caustic potash or

caustic soda is added, magnesium hydroxide is precipitated. This

takes place after all the ammonion has been converted into ammonia,
and an excess of hydroxidion is present in the solution.

This behaviour of magnesium hydroxide is an important character-

istic in analysis.

Magnesium hydroxide, on being heated, very readily loses water

and passes into the anhydride, magnesium oxide or magnesia, MgO.
This is a white, very light powder, which is generally prepared by
heating basic magnesium carbonate, to be mentioned later, and is

therefore called magnesia usta, or calcined magnesia. It is used in

medicine as a mild alkali.

Magnesia withstands very high temperatures without melting, and
is therefore used for lining furnaces in which high temperatures are

produced. The strongly illuminating power of burning magnesium is

due to the same fact.

On being mixed with water, magnesia which has been feebly heated

takes up some of the latter and forms magnesium hydroxide, with

slight evolution of heat. When strongly heated, magnesia diminishes

in bulk, becomes crystalline, and loses its power of uniting with water.

For technical purposes, magnesia is obtained either by heating the

naturally occurring magnesium carbonate (which see), or by decom-

posing magnesium chloride, which is formed in large quantities as a by-

product in the preparation of potassium chloride from carnallite, by
means of lime.

545. Magnesium Chloride is very readily soluble, and deliquesces
in the air

; from its very concentrated solutions it crystallises in the

cold with 6H20. The hydrated crystalline salt cannot be dehydrated
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by heating without undergoing decomposition, for it loses hydrogen
chloride, and magnesium oxide or a basic chloride is formed : MgCl2 +
H2

= MgO + 2HC1. This reaction is made use of on the large scale

for obtaining hydrochloric acid
;

in recent times this has become of

greater importance from the fact that the formerly very abundant
source of hydrochloric acid constituted by the Leblanc method of

manufacturing soda is beginning to fail. For this reason magnesia is

used even in those alkali works which use the ammonia process for

the decomposition of the ammonium chloride which is formed (p. 522),

because magnesium chloride can be much more easily decomposed by
steam than calcium chloride.

Magnesium chloride forms double salts with potassium qr ammonium
chloride, of which that with potassium chloride, MgCl2 . KC1 . 6H20,

called carnallite, is the most important naturally occurring potassium
salt. It is found in large quantities at Stassfurt and in other parts of

Middle and North Germany, and is separated into its components by
crystallisation in the heat. The rather complicated equilibrium rela-

tions which exist in such solutions, show that in general it is most

expedient to work at high temperatures. For example, if-carnallite is

heated without the addition of water, it liquefies at 176, and deposits
the greater part of the potassium chloride in the solid state : on cooling

down, almost all the rest of the potassium chloride crystallises out as

carnallite, and the magnesium chloride remains in the mother liquor.

The greater part of the magnesium chloride produced in the manu-
facture of the potash salt finds no application at present, but is turned

into the river channels. It is to be desired that some technically

practicable means may be discovered to put an end to this, from various

points of view, detrimental waste.

546. Magnesium Sulphate, MgS04 ,
is a substance well known

under the name of Epsom salts
;

it has a bitter taste, due to magnesion.
It usually crystallises in rhombic crystals with 7H20. It can, how-

ever, occur in a number of other forms containing from 12H
2

to

1H20, according to the temperature. Mono-hydrated magnesium
sulphate occurs in the Stassfurt salts as Jcieserite. Dissolved magnesium
sulphate is a constituent of many mineral waters,

1 to which it imparts
a bitter taste, and which are known as magnesia waters. The action

of Epsom salts in the intestine is quite similar to that of Glauber's salt,

but a specific action is also exerted.

Magnesium sulphate unites with potassium or ammonium sulphate
to form double salts of the formula MgS04 . K2S04 . 6H20. The potas-
sium compound has the mineralogical name sckoenite, and is used as a

potash manure.

547. By double salt there is understood a crystalline compound
of several normal salts with one another. This combination exists

1 The name Epsom salts is derived from the occurrence of this salt in the mineral

waters at Epsom. TR.
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essentially only in the solid state, for the aqueous solutions of these

double salts exhibit exactly the same reactions as belong to the ions

of the single salts, and no reactions which could belong to any new
ions. The determination of the molar weights of these aqueous solu-

tions, also, shows that no combination between the single salts exists

to an appreciable extent
;

for the depression of the freezing point, for

example, is equal to the sum of the depressions which are caused by
the single salts under the same conditions.

This holds in the first instance for dilute solutions. In concen-

trated solutions certain phenomena point to combination existing in

them to a certain, although not large, extent.

As a rule, double salts are less soluble in water than the com-

ponents. If the difference is great, these double salts readily crystal-

lise from solutions in which the components are brought together. If,

however, the solubilities are of the same order, it depends on the tern

perature and the relative amounts whether crystals of the double salt

or of one of the components are obtained on concentration. In some
cases double salts can be obtained only from solutions which contain a

large excess of one of the components. This holds, for example, for

the crystallisation of carnallite, which is formed only from solutions

containing a large excess of magnesium chloride.

Double salts are generally so constituted that the single salts have

one ion, either the cation or the anion, in common. Double salts with

different cations and anions do indeed occur, but they are more seldom.

A double salt of this nature is kainite, KC1 . MgS04
. 3H20, which occurs

at Stassfurt.

The complex salts must be distinguished from the double salts.

Like the double salts, they can be formed by the union of two simple

salts, but their reactions in solution differ from those of the latter,

which shows that new substances (ions) are formed. Further infor-

mation concerning this interesting class of compounds will be given

later, when we come to describe some complex salts (v. Chap. XXX.).
The alkali and alkaline earth metals do not form any complex cations.

The isomorphous mixtures, also, must be distinguished from the

double salts. They arise by the crystallisation of isomorphous salts

from a common solution
; thus, for example, a mixed solution of

rubidium and potassium sulphates, or of sodium sulphate and sodium

selenate, deposits crystals whose composition also appears as the sum of

the two components. These mixtures differ from the double salts in

the fact that their components are not, or are only accidentally, present
in combining proportions, and in the fact that their composition varies

continuously with the composition of the solution from which they are

deposited. Their composition, therefore, cannot be represented by an

ordinary chemical formula, but only by one with indefinite or con-

tinuously varying coefficients. They are usually written in the form

(K,Rb)2
S0

4 ,
and Na2(S,Se)04 . 10H20, the elements which replace one
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another in indefinite proportions being placed in brackets and separated

by a comma.
The double salts, however, are always compounded in combining

proportions, and can, therefore, be represented by a chemical formula

with definite, integral coefficients.

548. Magnesium Carbonate, MgC03 ,
is a salt very sparingly

soluble in water, which occurs in nature in large masses. As a mineral

it is called magnesite, and crystallises in rhombohedra which are iso-

morphous with those of calc-spar.
When aqueous solutions containing magnesion and carbanion are

mixed, a white, gelatinous precipitate is deposited, and carbon dioxide

is evolved at the same time. This precipitate is not pure magnesium
carbonate, but a varying mixture of carbonate and hydroxide. The

higher the temperature and the greater the dilution, the greater is the

amount of hydroxide and the less that of the carbonate contained in

the precipitate. Washed with water and dried at a low temperature,
this basic magnesium carbonate is placed on the market in the form of

a light and loose powder, and is used in medicine as a mild alkali. It

is called magnesia alba.

The cause of this reaction is found in the hydrolysis which the

carbonates undergo, and in the small solubility of magnesium hydroxide.
In the aqueous solutions of calcium carbonate, also, hydrolysis occurs,

and the ions HC03
' and OH' are formed from carbanion, C03", under

the action of the water. Since, however, calcium hydroxide is much
more soluble than the carbonate, the solubility product of the former

is never reached, in spite of the presence of hydroxyl ;
and although

the solution reacts alkaline, it deposits no hydroxide. In the same

way, when the ions Ca", C03", HC03 ', and OH' come together, as

happens in the precipitation of a calcium salt with a soluble carbonate,
the solubility product of the calcium carbonate is much sooner reached

than that of the hydroxide ;
the precipitate, therefore, in spite of the

hydrolysis which occurs, consists of normal carbonate. On the other

hand, in the case of magnesium, the solubility product of the hydroxide

is, under such conditions, reached about the same time as that of the

carbonate.

The normal carbonate can be prepared from the basic salt by
suspending the latter in water and passing in carbon dioxide. After

some time crystalline crusts of the hydrate, MgC03 + 3H20, are formed.

On being treated with much water, especially in the heat, it again passes
into the basic hydrate.

Magnesium carbonate forms various double salts with the alkali

carbonates. One of these, MgC03 . KHC03 . 4H20, is deposited when
carbon dioxide, under pressure, is passed into a solution of potassium
chloride containing magnesium carbonate in suspension ; magnesium
chloride is formed at the same time and remains in solution. When
this double salt is treated with steam under pressure, it decomposes
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into potassium carbonate, which passes into solution, and magnesium
carbonate, which is deposited ;

at the same time carbon dioxide escapes.
These reactions are made use of for obtaining potassium carbonate

from potassium chloride (p. 485).

Another double salt of magnesium carbonate is that with calcium

carbonate. This forms enormous rock masses, and in mineralogy is

called dolomite. The composition is CaC03 . MgC03 .

Formerly, dolomite was regarded as an isomorphous mixture of

the two carbonates, especially as these salts are really isomorphous.
The uniform composition, however, corresponding to the formula,
makes it very natural to suppose it is a chemical compound ; recently,

also, it has been proved that dolomite, in spite of the fact that it crystal-
lises in rhombohedra, really belongs to another group of the trigonal

system than the two single carbonates, so that it cannot be isomorphous
with these, although the forms appear very similar. A further argu-
ment against isomorphism is that the properties (e.g. the density) of

dolomite are not equal to the mean of the properties of the two com-

ponents, as in the case with true isomorphous mixtures, but differ from

this by definite amounts, which is again a characteristic of chemical

combination.

There are numerous varieties of calc-spar which contain magnesium
carbonate, and which are as frequent as the varieties of magnesite

containing lime. These are true isomorphous mixtures. The amount
of admixed substance, however, is never greater than a few per cent.

This is connected with the fact that many isomorphous substances

cannot crystallise together in all proportions, but only up to a certain

limit. This is a phenomenon quite similar to that of the limited mutual

solubility of some liquids. Thus, calc-spar can take up a few per cent

of magnesite to form an isomorphous mixture, and vice versa
;
the limit

of mixing is, however, then reached, and an excess is not possible. In

like manner, ether can dissolve a few per cent of water, and water about

10 per cent of ether, but no more.

549. Magnesium Phosphates. The compounds of magnesium
with phosphoric acid have, in general, neither a theoretical nor a practical

interest, except magnesium ammonium phosphate, which has been

already mentioned, and which is formed when the requisite ions come

together in solution. It is then deposited as a precipitate which is

very sparingly soluble in water containing ammonia ;
it has the com-

position MgNH4P04 . 6H20, and is also found naturally as struvite,

in localities where the conditions of its formation are present. On

being heated, it loses ammonia and water and passes into magnesium

pijrophosphate, Mg2P2 7 ;
in which form the precipitate is weighed. It

is very readily soluble in acids, is decomposed by pure water, but can

be washed with water containing ammonia without undergoing decom-

position. All these properties can be explained by the law of mass

action.
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As all reagents are reciprocal, phosphanion can be used as a reagent
for magnesion just as well as magnesion can be used for phosphanion.
For the latter purpose,

"
magnesia mixture," a mixture of magnesium

chloride, ammonium chloride, and ammonia in aqueous solution, is

used. When this mixture comes together with phosphanion, the pre-

cipitate of magnesium ammonium phosphate immediately separates out,

and is then used for the determination of phosphoric acid (e.g. in artificial

manures).
Of the other anions, that of arsenic acid is the only one that gives

a similar precipitate. It is used for the precipitation and determina-

tion of arsenic acid. Confusion with phosphoric acid is easily avoided

by means of the different behaviour of the original solution towards

sulphuretted hydrogen (vide infra}.

550. Magnesium Sulphide. Magnesium sulphide, MgS, is obtained

as a yellow-grey mass by strongly heating magnesium metal in the

vapour of sulphur. With water, it undergoes decomposition to sul-

phuretted hydrogen and magnesia : MgS + 2H2
= Mg(OH)2 + H2S.

For this reason, no magnesium sulphide is obtained by the action of

sulphuretted hydrogen on magnesia or of ammonium sulphide on

magnesium salts in solution ;
but in the latter case, only magnesia is

precipitated.

Magnesium hydrosulphide, Mg(HS)2 , however, can be obtained

in solution by passing sulphuretted hydrogen into water containing

magnesium hydroxide in suspension. The magnesia dissolves slowly
but abundantly ;

the liquid which is formed, however, is very unstable,

and on evaporation entirely decomposes into magnesia and sulphuretted

hydrogen.
In these reactions we again perceive the same behaviour as. in

the case of calcium sulphide (p. 552), only with such differences as are

caused by the slight solubility of magnesium hydroxide. The decom-

posability of the sulphur compounds of magnesium is thereby increased,

since the precipitated hydroxide, being a solid substance, no longer
takes part in the equilibrium, and thus renders a further decomposition
in the same sense possible.

551. The Magnesium Silicates are exceedingly widely distributed

in nature. Talc and olivine are anhydrous, soa])stone and serpentine

hydrated, silicates of magnesium. Further, magnesium silicate forms

a constituent of numerous compound silicates.

Of all the light metals which have to be taken into account,

magnesium is the only one whose silicates withstand the action of

water and carbonic acid, so that they can be formed afresh under the

conditions which prevail at the present time on the earth's surface

(p. 451). This is especially true of the hydrated compounds ;
in the

occurrence of serpentine, the slow transformation of the original rock

into the new, stable compound can be observed in all stages.

The above-mentioned silicates have rather different compositions
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and, except olivine, contain more silicon dioxide than corresponds to

the composition of an orthosilicate. They are distinguished by being
of a peculiarly soft and easily worked nature, accompanied by a great
resistance to high temperature, and on this depend their applications.

They are for the most part fairly readily decomposed by sulphuric
acid.

552. Magnesium Nitride. Magnesium nitride, Mg3N2 ,
is obtained

as a yellowish, porous mass by heating metallic magnesium to incan-

descence in nitrogen or ammonia gas. It is decomposed with energy

by water, with formation of ammonia and magnesium hydroxide :

Mg3N2 + 6H2
= 3Mg(OH)2 + 2NH3 . In this way ammonia can be

obtained from free nitrogen (p. 376) ;
for practical purposes, however,

the method is still too expensive.



CHAPTEK XXVIII

STEONTIUM, BARIUM, AND BERYLLIUM

553. General. Allied to calcium are two metals of higher combining

weight which are very similar to calcium in many respects, and which

bear the same relation to it as rubidium and caesium do to potassium.
This relation finds expression not only in similar differences of the

combining weights, but also in isomorphism, in the relative frequency
of occurrence on the earth's surface, and in many other respects. The

general summary of these points of agreement will be given at the

end of the book.

These two metals are called Strontium and Barium. They are, it

is true, much rarer than calcium, but cannot be called rare elements

in the same sense as rubidium and caesium can. On the contrary,

they are of sufficiently frequent occurrence to allow of both being
characterised as elements as early as the eighteenth century (strontium
in 1792 by Hope, barium in 1774 by Scheele), and of their compounds
being applied for various purposes.

554. Strontium has the combining weight 87-63, and occurs in

nature chiefly as sulphate and carbonate. Metallic strontium can be

fairly readily obtained by the electrolysis of the fused chloride
;

it can

also be obtained by preparing strontium amalgam by the action of

sodium amalgam on a concentrated solution of strontium chloride, and

distilling off the mercury. It is a yellowish, rather tough metal which

energetically reacts with water even at room temperature.
Strontium forms only the bivalent ion Sr", whose solutions are

colourless, and whose heat of formation is 501 kj.

555. Strontium Oxide, SrO, is obtained by heating the carbonate

or, more easily, the nitrate. The dissociation of strontium carbonate

takes place with much greater difficulty than in the case of calcium

carbonate, i.e. at the same temperature its dissociation pressure is

considerably smaller (p. 543). Strontium oxide unites with water to

form strontium hydroxide with great evolution of heat. The latter

can also be obtained directly from the carbonate by heating this in a

current of steam
; the decomposition then occurs more easily than

570
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without this aid. This is due, on the one hand, to the fact that the

partial pressure of the carbon dioxide is diminished by the steam

(p. 544), and, on the other hand, to the fact that in place of the oxide

there is formed the more stable hydroxide.
556. Strontium Hydroxide is more readily soluble in water

than calcium hydroxide. From the hot saturated solution there are

deposited, on cooling, hydrated crystals of the composition Sr(OH)2 +
8H20. The solution exhibits the properties of a strong base, and the

determination of the electrical conductivity shows that there is a large

degree of dissociation into the ions Sr" and 20H'.

557. Strontium Carbonate occurs as a mineral under the name
strontianite. This crystallises in forms of the rhombic system, which
are isomorphous with those of aragonite (p. 542) ;

a form correspond-

ing to calc-spar is not known. When the ions Sr" and C03
" come

together in aqueous solution, strontium carbonate is deposited as a

white, very sparingly soluble precipitate, which soon passes into the

crystalline state.

Strontianite is used as the starting substance in the preparation of

other strontium compounds. Other salts can be readily obtained from

it, as the carbonic acid can be expelled by almost all acids. In order

to convert strontianite into strontium hydroxide (an operation which
is of importance on account of the use of the latter in the sugar industry),
it can be heated in steam. It is also converted into strontium oxide

when heated with charcoal : SrC03 + C = SrO + 200. This reaction

is facilitated by water vapour : SrC03 + C + H2
= Sr(OH)2 + 2CO

(vide supra).
558. Strontium Sulphate, SrS04 ,

is a white salt which is very

sparingly soluble in water
;

it occurs naturally as celestine (so called

from its frequently being of a blue colour, due to impurities). The
mineral crystallises in rhombic forms, and is isomorphous with anhy-
drite. From aqueous solution it is obtained as a white precipitate
when the ions Sr" and S04

" come together. Its solubility places it at

the limit of what can be used in analysis ;
when necessary, therefore,

the solubility is reduced by the addition of alcohol.

In order to convert strontium sulphate into other salts, it is reduced

to strontium sulphide with charcoal : SrS04 + 40 = SrS + 400
;
this

can be easily decomposed with acids. To prepare the hydroxide
from it, the sulphide is heated in a current of steam : SrS + 2H2

=

Sr(OH)2 +H2S. By systematic crystallisation from aqueous solution,

also, the sulphide can be decomposed, as in the case of calcium (p. 552),
into hydroxide, which crystallises out, and hydrosulphide, which

remains in solution
; lay boiling the solution sulphuretted hydrogen

can be expelled and the separation can thus be continued.

559. Strontium Nitrate, Sr(N03)2 , crystallises anhydrous, and
is readily soluble in water

;
it is used in pyrotechnics for making red

fire. For this purpose it is mixed with potassium chlorate and a com-
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bustible substance, sulphur or charcoal. Strontium has the property
of imparting a red colour to flames, and by this means it can be readily

detected, as the coloration also appears in the non-luminous gas flame.

The spectroscopic decomposition of this dazzling light shows it to be

fairly complex ;
a sharp blue line is the most characteristic.

560. Barium, Ba, has the combining weight 137-37, and occurs

naturally as sulphate and carbonate.

Metallic barium is of a white colour, melts at a red heat, and reacts

more energetically with water than strontium or calcium. We have

here, therefore, a repetition of the same state of affairs as in the group
of alkali metals, viz. the action with oxygen and oxygen compounds
is more energetic the higher the combining weight of the metal.

Metallic barium is prepared by the same methods as were given
for strontium. It has as yet not found any application whatever.

Barium forms only the bivalent ion Ba", which is colourless and
has a poisonous action on the organism. It can be readily detected

by means of the exceedingly sparingly soluble precipitate which it

yields with sulphanion, S04".

561. Barium Oxide, BaO, is obtained most readily as a white,

heavy, crystalline mass, by the decomposition of the nitrate by heat,

nitrogen peroxide and oxygen being evolved and barium oxide remain-

ing behind : 2Ba(N03)2
= 2BaO + 4N02 + 2

. The temperature at

which barium carbonate loses its carbon dioxide is so high that it is

not suitable for the preparation of the oxide.

The oxide unites with water, with the evolution of much heat, to

form barium hydroxide or baryta, Ba(OH)2
. This is still more readily

soluble in water than strontium hydroxide and, like the latter, it

crystallises from its hot saturated solutions in large crystals with

8H20. A solution saturated at room temperature contains 3-7 per
cent hydroxide ;

it is therefore about Jth normal (p. 215) with respect
to hydroxyl.

Baryta is used for various purposes. Its dilute solution is used

for the volumetric estimation of acids (p. 215) ;
for this purpose it is

specially suitable from the fact that it attacks glass much less than a

corresponding solution of caustic potash or soda, and because it can

never contain carbonate, from the fact that barium carbonate is a very

sparingly soluble salt, and is therefore precipitated as soon as it forms.

This last circumstance is of importance, because the presence of car-

bonic acid renders the reactions of alkalimetric indicators indistinct,

and therefore impairs the exactness of the determination. To prevent
the atmospheric carbon dioxide changing the titre of the solution, the

bottle and burette used for baryta are furnished with guard-tubes
filled with soda lime, and are always kept connected with one another,

as is shown in Fig. 120. The burette is filled by sucking at the india-

rubber tube g and opening the clip b.

Baryta is also used in analytical chemistry in cases where it is
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necessary to employ a strong base, the excess of which can be subse-

quently readily removed. Thus magnesium is separated from potas-
sium and sodium by preparing the sulphates and adding excess of baryta
to the solution of these. All three elements are thereby converted into

hydroxides ;
that of magnesium is precipitated, while those of the other

metals, along with the excess of baryta, remain in solution. If carbon
dioxide is now passed into the solution, the barium is precipitated as

carbonate, and, after nitration, there is obtained a solution of the alkali

carbonates. The precipitate con-

sists of barium sulphate, barium car-

bonate and magnesium hydroxide ;

it is treated with dilute sulphuric
acid, whereby the magnesium hyd-
roxide passes into solution as sul-

phate, and all the barium is-converted

into sulphate. The two can be easily

separated by filtration.

For manufacturing purposes also,

baryta can be similarly employed.
It has already been mentioned that

pure caustic potash or caustic soda

can be prepared from the sulphates

by means of baryta (p. 505).
For the preparation of baryta,

barium sulphate is chiefly employed.
This is reduced to sulphide by means
of charcoal, and converted into hyd-
roxide with steam (cf. the corre-

sponding processes in the case of

strontium). From the solution of

the sulphide, also, the sulphur can

be removed by boiling with a metallic oxide, e.g. copper oxide : BaS -f

CuO +H2
= Ba(OH)2 + CuS.

562. Barium Sulphate, BaS04 ,
occurs fairly widely distributed

in nature as the mineral heavy spar or barytes. Both these names are

in allusion to the great density which this compound, like all barium

compounds, exhibits
;

it amounts to 4-5, while that of most of the non-

metallic minerals is about 2-5.

Barium sulphate crystallises in rnombic forms, and is isomorphous
with anhydrite and celestine. It is formed in all cases where the ions

Ba" and SO/ come together, and, as it is very sparingly soluble, it

is immediately deposited as a white, heavy precipitate. The use of

soluble barium salts, i.e. of barion, for the detection and determination

of sulphanion, which follows from the above reaction, has already been

several times mentioned.

Since sulphuric acid is a strong acid, other acids do not have any

FIG. 120.
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great solvent action on barium sulphate. Further, since barium can

in no way pass into other more complex ions, there is no solvent whereby
barium sulphate can be rendered soluble in aqueous liquids. It can be

dissolved only in some substances which do not have an ionising action,

e.g. concentrated sulphuric acid.

On account of this resistance to chemical attack, the naturally

occurring heavy spar, when cut in plates, is used in the manufactures

for lining apparatus in which strong acids are worked with. The

artificially prepared barium sulphate is used as a pigment, under the

name permanent white. It is prepared by dissolving the naturally

occurring barium carbonate in hydrochloric acid, and precipitating the

clarified liquid with sulphuric acid. Hydrochloric acid is regenerated
and can be used for dissolving further quantities of carbonate.

In order to convert barium sulphate into other barium compounds,
it is reduced with charcoal to barium sulphide, which can be readily

decomposed by acids with evolution of sulphuretted hydrogen. By
fusion with excess of alkali carbonate it is converted into barium

carbonate ;
the alkali sulphate which is formed can be removed by

washing.
563. Barium Carbonate, BaC03 ,

occurs naturally, as witherite,

in rhombic crystals which are isomorphous with aragonite and
strontianite. It is used as a convenient starting material for the manu-
facture of other barium salts, for which purpose the substance is de-

composed by acids. Its conversion into oxide by heating is not

practicable, because the temperature of measurable dissociation is

too high.
On bringing the ions Ba" and C03

"

together, barium carbonate is

obtained as a white precipitate, readily soluble in almost all acids.

In preparative chemistry, pure barium carbonate is very largely
used for the preparation of the barium salts of the most varied acids.

These mostly crystallise well, and can therefore be easily freed from

impurities. Their most important property is, however, that they are

suited for the preparation of the free acid in aqueous solution, because

they are all decomposed by sulphuric acid, barium sulphate being

thereby precipitated, and the acid in question remaining free in solution.

Examples of this have already been given (e.g. p. 240).

564. Barium Chloride, BaCl2 ,
is obtained by dissolving witherite

or barium sulphide (from sulphate and charcoal) in hydrochloric acid
;

on concentrating the solutions, barium chloride crystallises out in

lustrous, heavy crystals with 2H20, which become anhydrous only at

a fairly high temperature. Unlike the chlorine compounds of the

other metals of this group, barium chloride does not lose hydrochloric
acid on dehydration, but maintains its neutral reaction.

Barium chloride is used in the laboratory as a reagent for the

detection and estimation of sulphanion.
565. Barium Nitrate, Ba(N03)2 ,

is a salt which is not abundantly
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soluble in water, and which is employed in analytical chemistry in

place of barium chloride, when it is not desired to introduce chloridion

into the solution. If free nitric acid is added to a saturated solution

of the salt, a crystalline precipitate of barium nitrate is soon deposited.
The same occurs when nitric acid is added to the solution of any other

barium salt.

This reaction is not especially peculiar to barium nitrate, but depends
on the increase of the nitranion by means of nitric acid and the corre-

sponding overstepping of the solubility product (p. 470) ;
in the case

of barium nitrate, however, the phenomenon is specially well marked,
because this salt stands at the limit of those which are designated
as soluble (100 parts of water dissolve about 9 parts of the salt at 18),
and its solubility product is therefore easily exceeded. The beginner
is sometimes deceived by this precipitate, mistaking it for barium

sulphate ;
the distinctly crystalline nature and the solubility in pure

water, after pouring off the mother liquor, are, however, sufficient to

distinguish them.

Barium nitrate is used in pyrotechnics for the preparation of green
fire. The green flame-coloration is produced also in a non-luminous

gas flame, especially when the specimen containing barium is moistened

with hydrochloric acid. On spectroscopic examination it yields a

fairly complicated spectrum, which is characterised by a sharp yellow-

green and a sharp, although less bright, green-blue line, along with

several broad bands.

566. Barium Peroxide, Ba02 ,
is obtained as a white powder by

heating barium oxide to a temperature between 450 and 550 in a

current of oxygen. At a higher temperature it again loses oxygen,
and the equilibrium between the solid oxide and peroxide and the

gaseous -oxygen, is governed by exactly the same laws as the dissocia-

tion of calcium carbonate (p. 543).

Barium peroxide is important as being the most convenient starting
substance for the preparation of hydrogen peroxide (p. 181). For
this purpose it is treated with dilute acid, whereby the reaction occurs :

Ba02 + 2H' = Ba" +H2 2 . The anion of the acid forms the corre-

sponding barium salt, e.g. Ba02 + 2HC1 = BaCl2 +H2 2 .

It would apparently be most suitable to carry out this reaction

with sulphuric acid, because the barium sulphate, being practically

insoluble, would be deposited and leave a pure solution of hydrogen
peroxide. This, however, cannot be done, since sulphuric acid scarcely
attacks the anhydrous barium peroxide. The reaction, however,

readily occurs with hydrochloric acid, and the operation is carried

out as follows. A certain amount of hydrochloric acid is saturated

with peroxide, the barium is precipitated with sulphuric acid, and the

solution, which now contains hydrochloric acid, is allowed to act on
fresh portions of peroxide. These alternate operations are continued

until sufficient hydrogen peroxide has accumulated in the solution.
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The chloridion is then precipitated by the addition of silver sulphate,
and the sulphanion thereby introduced is removed with baryta.

Another method is first to add a small quantity of baryta water

to the hydrochloric acid solution of peroxide in order to remove the

metallic oxides present as impurities, and then to precipitate the

filtered liquid with baryta. Barium peroxide again separates out
; now,

however, in the form of a crystalline hydrate, which can be readily

decomposed with sulphuric acid. The hydrate is freed from the barium

chloride present by washing, and is preserved for use in the moist state,

since on being dried it again becomes more difficultly decomposable.
The composition of the hydrate is Ba02 . 8H

20.

567. Beryllium. Beryllium occupies the same position among
the alkaline earth metals as lithium does among the alkali metals. Its

combining weight is the smallest, and its similarity to the other elements

of the group is least. Its properties exhibit a distinct tendency towards

the next group, that of the earth metals. The combining weight of

beryllium is 9*1.

Metallic beryllium can be prepared by electrolysis, by the reduction

of the oxide with magnesium, of the chloride with sodium, and in other

ways. It is a white metal, which is still more stable to moist air than

magnesium, and decomposes water only slowly even when heated. It

is readily dissolved by dilute acids, with evolution of hydrogen, and

passes thereby into the ionic state.

Besides the typical bivalent ion Be", beryllium also forms other ions

containing oxygen ;
these will be discussed later. Of the metals hitherto

considered, it is the first that is capable of forming different ions.

Beryllion, Be", is colourless and is distinguished by a conspicuously
sweet taste. This fact procured for the element the passing name of

glucinum (still occasionally used in France and England) ;
the name

beryllium is derived from that of its most important naturally occur-

ring compound, beryl, which is a silicate containing aluminium.

Beryllion forms various salts, of which the chloride, BeCl2 ,
and the

sulphate, BeS04 ,
are the best known. They are both soluble in water,

and the solutions react acid. This is due to incipient hydrolysis, since

beryllium hydroxide is a weak base.

Beryllium hydroxide, Be(OH)2 ,
is obtained as a white, gelatinous

precipitate on bringing beryllion and hydroxidion together ;
it is not

measurably soluble in water, and has no basic reaction. It dissolves in

acids, with formation of beryllium salts, and on being heated is con-

verted into a white powder of beryllium oxide.

Beryllium hydroxide dissolves in caustic potash or caustic soda.

Since these bases, by reason of their containing hydroxyl, should, in

accordance with well-known principles, diminish the solubility of

beryllium hydroxide, this contradiction requires an explanation. This-

is yielded by the fact that the compound Be0
2
H2 can split off hydrion

and behave like a very weak acid. Accordingly, it gives the two ions
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HBe02

' and Be02

"

(just as carbonic acid gives the ions HC03
'

and

CO/), and it is these and not beryllion, Be", that are present in the

solution in question. The compound is also obtained by fusing beryl-

lium hydroxide with caustic soda and dissolving the melt in water.

If this alkaline solution is allowed to stand a long time, or if it is

heated to boiling, almost all the beryllium hydroxide is precipitated.

The question now arises why the chemical equilibrium, which had pre-

viously existed, is now disturbed, since no new substance has been

added. The answer is to the effect that the beryllium hydroxide
which is precipitated is a different, and indeed a more stable and

less soluble, form of the hydroxide than the freshly precipitated form

which is soluble in alkalis. In other words, the newly prepared solu-

tion is supersaturated with respect to the more stable form of the

hydroxide, and therefore cannot continue to exist when the latter form

is present. Since this form is not present in the newly prepared solu-

tion, the precipitation can commence only after the first traces of

it have been formed. At the ordinary temperature this occurs slowly,

but quickly when heated.

568. Summary. The properties of the corresponding compounds
of the elements of the second group change in the same order as the

combining weights, so that the relations which prevail here can be

easily impressed on the memory by making clear the sense in which

this change takes place. In the following table the properties which

have been considered are given, and the arrows which are added indicate

whether the values of these increase (->) or decrease (^-) with increasing

combining weight.

PROPERTIES OF THE ALKALINE EARTH METALS AND OF THEIR COMPOUNDS

Combining weight . . . . . . . ~^"

Reactivity of the metal . . . . . . ~^"

Density of the elements and of the corresponding compounds ->
Basic properties of the hydroxides . . . . . ~?~

Solubility of the hydroxides ->

Solubility of the halogen compounds, nitrates, and sulphates -<-

2 P



CHAPTER XXIX

ALUMINIUM AND THE OTHER EARTH METALS

569. General. The group of the earth metals, to which we now turn,

is characterised by the fact that the elements contained in it form

tervalent cations. The parallelism which exists between the elements

of the first and second groups in respect of combining weights and

general character, is also found here, with, however, an essential

difference. Of the elements of the third group, there is only one

which occurs frequently in the earth's crust
;
but this one is found

in great abundance. All the other elements are exceedingly rare,

and their properties and compounds are therefore comparatively
little known.

The diminution of the reactivity of the metal with oxygen and

water, which was met with in some of the members of the second

group, is found here in a still higher degree, so that aluminium, the

most important element of the third group, is a metal which is at the

present day applied in the arts, and as such plays a not inconsiderable

role. At the same time, the basic properties of the hydroxides, a

weakening of which was also indicated in the second group, have

become so small that there is no strong base in this group. As usual,

it is in the case of the elements with small combining weight that this

effect is most conspicuous ;
in the case of the first element which must

be included in this group, viz. boron, the complete reversal has already
taken place, for this element has entirely lost its metallic character

and forms an acid hydroxide, boric acid (p. 457).

The elements belonging to this group, together with their combin-

ing weights, are :

Boron (11-0), aluminium (27-1), scandium (44-1), yttrium (89-0),

lanthanum (139-0), etc., ytterbium (172-0). With regard to these the

following remarks may be made.

While the combining weights from boron to lanthanum correspond
to those of the metals lithium to caesium and beryllium to barium,
we have here a higher member, ytterbium, with a combining weight

172, which is not represented in the first two groups. It may be

578
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presumed that such representatives do exist, but have not yet been
discovered.

Further, an etc. has been inserted after lanthanum. This signifies
that there exist at this point not one element but a number of elements
which are all very close to one another, and have therefore an almost

equal claim to this position.

570. Aluminium. Of all the light metals, aluminium is the most

widely distributed on the earth's surface. It forms a constituent of

almost all crystalline silicate rocks
;
and of the secondary formations,

the clays and slate formations are formed from aluminium silicate. A
knowledge of the compounds of this metal, therefore, extends back as

far as chemical knowledge at all can be traced.

From the time of the discovery of the alkali metals, it was regarded
as indubitable that a metal must be contained in clay. Wohler, how-

ever, was the first to obtain metallic aluminium by the action of sodium
on the chloride. The method of separating the element from its com-

pounds by electrolysis was given by Bunsen (1854).
The name aluminium is derived from alum (alumeri), because

aluminium is contained in this long-known salt.

At the present day, aluminium is prepared on a very large scale

by the electrolysis of its oxide. The oxide is fused by the heat developed
by the passage of the electric current, the aluminium goes to the cathode,
and the oxygen which separates at the anode combines with the char-

coal, of which the anode consists, to form carbon monoxide. To
facilitate the fusion, the electrolytic vessel also contains other com-

pounds of aluminium, e.g. cryolite (vide infra] ;
since oxygen is more

readily separated than fluorine (which is the corresponding other

constituent of cryolite), this addition does not alter the chemical re-

action, and only aluminium oxide requires to be thrown in to replace
the used up material.

Metallic aluminium is a white, somewhat bluish metal which
remains tolerably unchanged in the air. This is due to the fact that

it quickly becomes covered with an invisible, thin, and firmly adhering

layer of aluminium oxide, which protects the metal underneath like a

varnish. It melts at 700, and can be both cast and mechanically

wrought into the shape desired, as it is not hard and is very ductile.

Thus, thin wire and very thin foil, like gold-leaf and silver-leaf, can be

made; the latter is greatly used for "silvering," since sulphurous gases do

not blacken it. Aluminium is a good conductor for heat and electricity.

On account of its lightness (density
=

2-7), its silver-like lustre, and
its durability in the air, aluminium, especially since the electrolytic

method has rendered it cheap, has become greatly used for ordinary
utensils. At first, these were not found to last well as the metal was

not pure. In consequence, oxidation occurred in spots so that holes

were formed. This drawback, however, disappeared when the method
of preparing the metal in a very pure state became known.
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When aluminium is alloyed with mercury., it appears to assume

quite different properties. It can be amalgamated by rubbing its

surface with a mercury salt, e.g. mercuric chloride, with some pressure.

The parts which were at first bright on account of the mercury, immedi-

ately become dull, and a moss-like growth of aluminium hydroxide
arises from them. This phenomenon is explained by the fact that,

although the protecting layer of oxide is formed at the amalgamated

parts, the coating does not adhere, on account of the liquid nature of

these, and the oxidation, therefore, pursues its course. It is not that

the mercury produces an increased reactivity of the aluminium (a

thing which is theoretically impossible), but the real chemical activity

of the aluminium is allowed free scope to exert itself.

The amalgamated aluminium is employed as a reducing agent.

On account of this behaviour, objects made of aluminium must be

carefully protected from contact with mercury.

While, even at comparatively high temperatures, massive aluminium

is only superficially and inappreciably attacked by oxygen, the finely

divided metal burns with a brilliant light at a red heat. This can be

shown by holding aluminium foil in the flame, or by blowing finely

divided metal, such as is used in the form of aluminium bronze, through
the flame. It takes fire, however, with greater difficulty than

magnesium. When mixed with various metal oxides (e.g. iron oxide),

aluminium powder, on being ignited, burns with great evolution of

heat. This fact is made use of industrially for the purpose of producing

locally very high temperatures. The mixture employed (2Al + Fe2 3 )

is called thermite.

Aluminium dissolves in dilute hydrochloric and sulphuric acids

with energetic evolution of hydrogen. In nitric acid it readily becomes

passive, i.e. becomes coated with a layer which is not attacked by
the acid, and then remains unchanged. Further, aluminium readily

dissolves in a solution of caustic potash or soda, with evolution of

hydrogen. This is due to the formation from the aluminium of an

anion containing oxygen ;
we shall return to this later. Salt solutions,

also, especially solutions of ammonium salts, dissolve the metal fairly

readily.

Aluminium forms alloys with various metals, and some of these are

technically valuable. They will be mentioned under the respective
metals. We would only mention here that an alloy (magnalium) has

been prepared from aluminium and magnesium, which is stated to

have technically valuable properties, and to be stable in the air.

571. Aluminion. Aluminium forms a single, elementary, tervalent

ion, Al'" ;
it can also act as a constituent of complex ions.

Aluminion is colourless, and its salts are for the most part soluble.

They have an astringent taste, but have otherwise no great physio-

logical action. Since aluminium hydroxide is a weak base, all the

salts of aluminium are Tiydrolytically dissociated to an appreciable
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extent in aqueous solution, and therefore react acid. In the case of

the salts of the strong acids, this hydrolysis is slight ;
in the case of

the salts of weak acids, however, it becomes considerable, especially
on heating.

Unlike the ions of the other more frequently occurring light metals,
aluminion does not occur in measurable amount in natural waters.

It is separated out from the rocks in the form of aluminium silicate

or aluminium hydroxide, an exceedingly sparingly soluble compound,
which, therefore, does not pass into solution.

572. Aluminium Hydroxide. Aluminium hydroxide, A1(OH)3 ,

is precipitated as a gelatinous, uncoloured precipitate from solutions

of aluminium salts, by the addition of a soluble base
;

in the air it

loses water, and when heated to redness is converted into aluminium

oxide, according to the equation 2Al(OH)3 = Al203 + 3H20.

Aluminium hydroxide is practically insoluble in water, and is a

very weak base. Since it contains three hydroxyls, it can form three

kinds of salts, in which one, two, or three hydroxyls are replaced by
anions. Salts in which unreplaced hydroxyl is still present are called

basic salts, corresponding to the acid salts which contain unreplaced
acid hydrogen. In general, however, the basic salts are much less

definitely characterised than the acid ones
;
whereas the latter mostly

crystallise well, and can therefore be easily prepared in the pure state,

the amorphous form predominates in the case of the basic salts, whose

preparation in the pure state is therefore difficult. For this reason

they will, in the sequel, generally not receive special description.
On account of the slight development of basic properties in the

case of aluminium hydroxide, and its exceedingly small solubility, it

is precipitated even by very weak soluble -bases, e.g. by ammonia, even
in presence of ammonium salts. In this way it differs from the hy-
droxides of the alkaline earth metals, and can, therefore, be used for

the separation of aluminium from these, especially from magnesium.
Caustic potash or soda of course also precipitates aluminium

hydroxide from the solutions of its salts. The hydroxide, however,

readily redissolves in an excess of these substances, and forms clear

solutions of a strongly alkaline reaction. This solubility is due to the

fact that aluminium hydroxide can also act as an acid by splitting off

hydrion from its hydroxyl groups (vide infra).
This property of aluminium hydroxide of acting as an acid, is the

cause that metallic aluminium readily dissolves in caustic potash or

soda with evolution of hydrogen (p. 580). If such a solution and
also one of aluminium in hydrochloric acid are prepared, and the

two solutions are mixed, aluminium hydroxide is precipitated, and
sodium chloride remains in solution. The reaction is represented by
the equation Na3A103 + A1C13 + 3H2

= 3NaCl + 2A1(OH)3 . Taking
the reacting ions into account, we should write, A103"'+Ar" + 3H2

=

2A1(OH)3 .
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By loss of water, aluminium hydroxide can give rise to various

anhydrides, which bear the same relation to one another as the anhy-
drides of phosphoric acid. According as one, two, or three combin-

ing weights of water are eliminated from two combining weights of

the hydroxide, there are obtained, besides A1(OH)3 ,
the compounds

A12 5
H4,

A102H, and A1
2 3 .

All these compounds occur in nature : the normal hydroxide

A1(OH)3 is hydrargillite ;
A12 5

H4 (generally greatly contaminated

with other substances) is bauxite
;
A102H is diaspore ;

and A12 3
is

corundum.

Bauxite is of importance as being the starting substance in the

manufacture of metallic aluminium (p. 579). Corundum is, on account

of its hardness, which is nearly equal to that of diamond, an important
mineral technically. It crystallises in rhombohedra. In its fine-

grained varieties, called emery, it is employed as a grinding material

for glass, steel, and other hard substances. Transparent corundum,
coloured blue by admixtures, is valued as a gem under the name sapphire;
a red form, whose colour is due to a small amount of chromium, is called

ruby, aaid is also a valuable gem. Small and less finely-coloured rubies

are used as axle-bearings in watches and other measuring instruments,

where movement with as little friction as possible is required. Corun-

dum, in all its forms, is very little susceptible to chemical influences,

and it is only with difficulty that it can be converted into soluble com-

pounds by fusion with caustic alkalis or acid sulphates.
573. Aluminates. The compounds in which aluminium hydroxide

occurs as an acid, are called aluminates. Since aluminium hydroxide
contains three combining weights of hydrogen, it must be regarded
as a tribasic acid

; since, however, it is a very weak acid, the normal

compounds, in which all three hydrogens are replaced, are not easy
to prepare, and in aqueous solution they decompose to a greater or

less extent owing to hydrolysis.
A substance which is capable of acting at the same time as acid

and as base, can be only a weak acid and base. For the acid action

necessitates the presence of hydrion ;
the basic action, that of hy-

droxidion. The two kinds of ion, however, cannot be present together

in any great concentration, since they would unite to form water,

which is only very slightly dissociated. If, therefore, an acid is strong,

i.e. splits off much hydrion, it certainly cannot split off more than an

exceedingly small amount of hydroxidion, the amount of which is

limited by the chemical equilibrium of the two ions in water. The

same holds for weak bases.

As in the case of phosphoric acid, the aqueous solutions of the

aluminates contain three different anions, viz. the univalent H2
A103',

the bivalent HA103", and the tervalent Ai03'". Since we are dealing
with a weak acid, the univalent ion will predominate.

Of the aluminates, the sodium compounds, more especially, are
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known
; they correspond to the three possible types, NaH2A103 ,

Na
2HA103 ,

and Na3A103 . These substances are soluble in water, and

do not crystallise well ;
their solutions react strongly alkaline, and are

very unstable. For if such solutions, especially of the first and second

types, be kept some time, they lose a great part of the alumina they

contain, this being deposited as a crystalline precipitate on the bottom

of the vessel. This is due to the same phenomenon as in the case of

beryllium hydroxide (p. 577) ;
the aluminium hydroxide which is

deposited is a more stable form than the amorphous and gelatinous

one, and solutions, therefore, which are saturated with respect to the

latter are supersaturated with respect to the former. Accordingly, so

soon as the first crystals of the more stable form are produced, it con-

tinues to separate out, and does not stop until the new equilibrium
is reached.

Aluminium hydroxide is not appreciably soluble in ammonia,
because the basic properties of the latter are too weak. That is to

say, if ammonium and aluminanion are brought together, they pass
into the undissociated compounds, ammonia and aluminium hydroxide,
as is shown by the equation H2A103

' +NH4'=A1(OH)3 +NH3*. This

behaviour is made use of in analysis. When it is required to pre-

cipitate aluminium hydroxide from an aluminate, an acid may be

used for the purpose ;
an excess of the acid, however, again dissolves

the alumina, and it is therefore difficult to effect a complete separation.

If, however, an ammonium salt be added to the solution of an aluminate,

the above reaction takes place and the alumina is deposited, while an

excess of ammonium salt exerts no solvent action.

The other light metals also form aluminates. Of these, the naturally

occurring spinel is of interest
;

this can be regarded as the anhydride
of monomagnesium aluminate, MgH4Al2 6 ,

for it has the composition

MgAl2 4 ,
and MgH4Al2 6

- 2H2
= MgAl2 4 .

Spinel crystallises in the regular system, generally in rhombic

dodecahedra, and is the type of a fairly large series of corresponding

isomorphous compounds which are composed of equal combining

weights of the oxides of a bivalent and a tervalent metal, for the formula

of spinel can also be written MgO,Al2 3 .

Since the place of magnesium can be taken by iron, manganese,

zinc, copper, etc., and that of aluminium by chromium, iron, manganese,

etc., there are a large number of compounds of the type of spinel,

some of which will be mentioned later. They all crystallise in the

regular system.
574. Aluminium Chloride. The compound A1C13 is formed

when metallic aluminium is heated in a current of hydrogen chloride.

Hydrogen is liberated, and aluminium chloride readily sublimes,

forming a white crystalline mass in the colder parts of the apparatus.

Formerly, when aluminium was not a cheap substance, the chloride

was prepared by heating a mixture of aluminium oxide and charcoal
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in a current of chlorine. The process is represented by the equation
A12 3 + 3C12 + 3C = 2A1C13 + SCO.

Aluminium chloride boils at about 183. The melting point is

somewhat higher at 193
;
on being heated, therefore, under ordinary

pressure it passes directly from the solid into the vaporous state. By
heating it in a closed vessel, so that the boiling point is raised, it can

be fused.

Aluminium chloride is used in organic chemistry in numerous

preparations, which depend on the fact that in presence of aluminium

chloride, mixtures of a chlorine and a hydrogen compound split off

hydrogen chloride, the residues then combining to form the new com- .

pound. In organic chemistry such a process is called synthesis (in

the narrower sense), and for such purposes aluminium chloride is of

especial importance.
Aluminium chloride fumes in the air and reacts with water with a

very considerable evolution of heat. Anhydrous aluminium chloride

cannot be again obtained from the aqueous solution
;
from the strongly

concentrated solution a salt crystallises out with 2H
20, which, on

being heated, completely decomposes into hydrogen chloride which

escapes, and aluminium oxide which remains behind : 2A1C13 + 3H2
=

A1
2 3 + 6HC1.

Aluminium chloride readily unites with other chlorides to form

double salts, and more especially so with potassium and sodium chlorides.

These compounds crystallise well, and in them aluminium chloride

has lost its volatility. The sodium compound melts with exceeding

ease, and was formerly used as the starting substance for the preparation
of metallic aluminium..

On account of its ready volatility, the molar weight of aluminium
chloride was early determined, and was found, in agreement with

certain theoretical assumptions, to correspond to the formula A12C16 .

Subsequently, these theoretical views became doubtful, and a thorough

investigation showed that in the neighbourhood of the boiling point,

certainly, vapour densities were observed which corresponded approxi-

mately to this formula (although they were always too low), but that

the values rapidly diminished as the temperature rose, and at tempera-
tures between 450 and 760 remained constant and corresponded to

the formula A1C13 .

575. Aluminium Bromide and Aluminium Iodide are very
similar to the chloride, but less volatile. They are readily formed

from the elements, and in organic chemistry have a use similar to that

of the chloride.

576. Aluminium Fluoride, A1F3 ,
is obtained at a red heat from

aluminium and hydrogen fluoride, and also from aluminium oxide

and hydrogen fluoride, and is very much less volatile than the other

halogen compounds of aluminium. It forms small, lustrous crystals

which behave indifferently towards water, and scarcely dissolve in it.
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If alumina is treated with aqueous hydrofluoric acid, it dissolves in

fair quantity. The solution, however, is strongly supersaturated with

respect to the above sparingly soluble form of aluminium fluoride,

which is slowly deposited spontaneously.
Aluminium fluoride is soluble in hydrofluoric acid, and forms

with it hydrofluoaluminic acid, H3A1F6 ,
the sodium salt of which is very

sparingly soluble in water. It occurs in large quantities in Greenland,
and as a mineral this compound, Na3AlF6 ,

is called cryolite.

Cryolite is used for the preparation of soda along with pure alu-

minium hydroxide. For this purpose it is heated with milk of lime

or fused with lime, whereby calcium fluoride and sodium aluminate

are formed
;

the latter passes into solution or can be extracted with

water : Na3AlF6 + 3CaO = 3CaF2 + Na3A103 . The aqueous solution

is decomposed by passing in a current of carbon dioxide, whereby
sodium carbonate is formed and aluminium hydroxide is precipitated :

2Na3A103 + 3C02 + 3H2
= 3Na

2C03 + 2A1(OH)3 .

577. Aluminium Sulphate. Of all the salts of aluminium, the

sulphate is the one which has the largest application, and it is therefore

manufactured on a large scale. It is obtained by heating aluminium

hydroxide with sulphuric acid
;

the solution produced solidifies, at a

suitable concentration, to an indistinctly crystalline mass of the formula

A1
2(S04)3,18H20. The sulphate can also be prepared by heating

aluminium silicate with sulphuric acid, silicic acid being thereby set

free. A pure salt can be obtained from the commercial product by
precipitating the concentrated solution with alcohol. An oily liquid
is then deposited, which is a supersaturated solution of aluminium

sulphate in water (with a very little alcohol) ;
this soon solidifies to

lustrous scales of a salt with 18H20.

It is no rare thing for aqueous solutions of salts which are sparingly
soluble in alcohol, to be first precipitated, by the addition of the latter,

as a concentrated solution which is immiscible with the rest of the

alcoholic solution. The formation of the supersaturated solution

before that of the solid crystals is only another case of the prior appear-
ance of the less stable forms.

On account of hydrolysis, the aqueous solution of aluminium sul-

phate reacts acid. It can dissolve fairly considerable quantities of

aluminium hydroxide, with formation of basic salts ; sparingly soluble

basic salts are ultimately deposited.
A basic aluminium sulphate, in which only one of the three hydroxyls

is replaced by sulphanion, A12(OH)4S04 + 7H20, occurs naturally as

aluminite, and is used in the preparation of the normal aluminium,

sulphate, and of its double salt, alum.

578. Alum was the name given originally to a double salt of

aluminium and potassium sulphate, A1K(S04 )2
. 12H20, which crystal-

lises in fine octahedra belonging to the regular system, on mixing the

solutions of the single salts. In the cold it is much less soluble than
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the single salts, and a solution prepared from the saturated solutions

of these is strongly supersaturated in respect of alum. The super-
saturation does not, it is true, disappear spontaneously, as the solution

is in the metastable condition
;

in our surroundings, however, solid

alum is so largely distributed that scarcely an object which has lain

in the air is free from it. As a rule, therefore, the nucleus which is

necessary for the formation of crystals is immediately present. If

this is excluded by heating the liquids and vessels to 100 (whereby
the alum melts in its water of crystallisation), and the entrance of dust

avoided, crystallisation remains suspended for any length of time.

Alum was formerly the most important salt of aluminium. Although
the potassium sulphate contained in it had either no effect or had a

disturbing effect in its applications, alum was nevertheless employed,
because none of the simple salts of aluminium crystallise well, and
thus cannot be easily freed from impurities. Since the method was
discovered of preparing pure aluminium hydroxide (by way of sodium

aluminate), and so of preparing pure aluminium sulphate from this,

alum has lost its importance, and is now being more and more replaced

by the simple sulphate.
With this also, the former methods of preparing alum are beginning

to disappear. It used to be prepared from a basic potassium aluminium

sulphate, which occurs naturally as alum-stone, by heating this and

extracting with water ;
alum thereby passed into solution and aluminium

hydroxide remained behind. Further, it was obtained from alum

shale, a silicate of aluminium permeated with sulphide of iron. This

was roasted, and then allowed to undergo oxidation in the air. From
the sulphur of the iron sulphide, sulphuric acid is formed

;
this converts

the aluminium silicate into sulphate, which is then extracted with

water and made to crystallise by the addition of potassium sulphate.
On being heated, alum melts in its water of crystallisation ;

on

raising the temperature, it loses its water and forms a spongy, white

mass called burnt alum. The latter is used in medicine.

The most important use of aluminium sulphate, or of alum, is in

dyeing. Many dyes are incapable of combining directly with the fibre

of the cloth in such a way that the colour is not withdrawn by water

and soap. If, however, the cloth is previously treated with aluminium
salts the dye can be made fast. This is due to the fact that the fibre

absorbs and unites with the aluminium hydroxide, which is always

present in the solution, as the aluminium salts are always somewhat

hydrolysed. Further, the dyes have the power of uniting with

aluminium hydroxide to form the practically insoluble, finely-coloured"
lakes," and in this way the union between the dye and the fibre is

effected by the aluminium hydroxide.
Potassium aluminium sulphate is the type of a large series of double

salts, which have a similar composition, and crystallise in the same
form of the regular system. The place of potassium can be taken
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by rubidium, ccesium, ammonium, and a large number of organic deriva-

tives of ammonium, as. well as by the heavy metal thallium, but not

by sodium 1 or lithium. The place of aluminium can be taken by
other metals, which form tervalent ions, such as iron, chromium,

manganese, indium, etc. Finally, in place of the sulphanion we can

have selenanion, Se04". Hence, we have a great diversity here ;
for

all these double salts the name alum has been adopted, the names of

the metals present being prefixed. These alums are jsomorphous with

one another, and the supersaturated solution of one of them is made to

crystallise by a nucleus of any other.

579. Aluminium Silicate. It has already been several times

mentioned that the rocks of which the earth's crust was primarily
formed consist essentially of silicates, the metals of which, besides the

frequent alkali and alkaline earth metals, formerly mentioned, are

aluminium and iron. On undergoing decomposition by water and

carbon dioxide (" weathering "), the first mentioned pass into carbon-

ates, while magnesium partially, and aluminium entirely, remain

behind as simple silicates.
2

Aluminium silicate is called clay, and is formed in the amorphous
state, and in very finely divided form, in the weathering of the rocks.

As a result, it is readily carried away by flowing water, and is deposited

only when the movement of the water becomes very slow. According
to its degree of purity, it possesses various properties, and is called by
different names.

The purest form is called kaolin, or china clay, and is generally found

in localities where rocks, poor in magnesium, are decomposed by water

and carbon dioxide, but are not transported mechanically. The water

has then carried away the other constituents in solution, and the

aluminium silicate, with more or less quartz, has remained behind.

Less pure forms, which are frequently contaminated, more especially

with calcium carbonate, quartz, and iron oxide, are called clay, or potter's

earth. Marl contains a large quantity of calcium carbonate, and loam

contains quartz sand as well.

The use of aluminium silicate is very old, and widely extended. It

depends on the fact that it yields a tenacious mass with water, capable
of being moulded

;
on drying, this undergoes regular contraction, and

preserves its form, and on being strongly heated (fired) passes into a

stonelike mass, which is not, like clay which has simply been dried,

again converted into a plastic form by water, but permanently retains

its character. On firing, the clay shrinks still further, and this all the

more the more strongly it is heated.

Pure aluminium silicate is very difficultly fusible. The presence
of iron or of lime greatly depresses the melting. point.

1 The preparation of a sodium alum has been described by Dumont. TR.
2 Under certain conditions occurring in the tropics, which, however, cannot as yet be

characterised in detail, aluminium silicate is also decomposed, in such a way that silicic

acid passes away while aluminium hydroxide (also bauxite) is left behind.
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The various applications of aluminium silicate follow from what
has been said above. The least pure form, potter's earth or ferruginous

clay, is used for bricks or for vessels of little value, which are moulded,

dried, and fired at a low temperature. The fired clay is not impervious
to water, as it is permeated by innumerable pores ;

to render it im-

pervious it is coated with a glaze. This is, in general, of the composi-
tion of glass (p. 558). Care must be taken that the thermal expansion
of the glaze agrees as far as possible with that of the ground material,

since otherwise the coating would crack on change of temperature. In

the case of cheap earthenware generally, no regard is paid to this, and
the latter therefore soon loses its imperviousness with use.

Faience is ware made of white, i.e. non-ferruginous, clay, and is

coated with white or a coloured glaze ;
it also is generally not very

resistant.

Stoneware is the name given to ware made of difficultly fusible

clay. It is glazed by firing it at a high temperature, and throwing
common salt into the oven while at its highest temperature. The
latter volatilises, and the sodium forms a glaze with the aluminium
silicate

;
this passes continuously into the mass, is thinly and evenly

distributed, and is therefore much more resistant than the glaze of

faience, which is only brushed on. Vessels of stoneware are used where

greater resistance to chemical influences is required, e.g. in chemical

works.

Finally, the most resistant and the finest material is porcelain.
This is prepared from the purest aluminium silicate, with the addition

of quartz and felspar (vide infra) ; the latter is a double silicate of

aluminium and potassium. The ware is moulded and subjected to a

preliminary firing at a gentle heat. This
"
biscuit ware

"
is introduced

into a milk of finely powdered felspar and water
;
the water is absorbed,

and the ware becomes covered with a thin, regular coating of powdered
felspar. After being dried, it is heated to a white heat

;
the felspar

thereby fuses, and in the liquid state permeates the clay in all directions.

In this way, the union between glaze and support is very complete,
so that vessels of porcelain can withstand fairly rapid changes of

temperature without breaking and without becoming cracked on the

surface.

580. Double Silicates Of Aluminium occur in large numbers in

nature. Among the most important may be mentioned the felspars,
of which there are various kinds, according to the second metal con-

tained in them. Ordinary felspar, or orthoclase, is potassium aluminium

silicate, AlKSi3 8
. It occurs widely distributed in monoclinic crystals,

and must be regarded as one of the most important sources of potash
in the soil. The soda felspar, or albite, has a corresponding composi-
tion, containing sodium in place of potassium ;

it is triclinic. Anorthite

is a calcium felspar, which is isomorphous with albite, and can unite

with it in all proportions to form mixed crystals ;
it has the composi-
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tion Al2CaSi2 8
. Some of these mixtures have received special names,

such as oligodase and labradorite.

Another group of alkali aluminium silicates is that of mica, which
is distinguished by its power of cleaving, its elasticity, and resistance

to high temperature. Some kinds of mica contain magnesium in place
of the alkali metals. The formula is doubtful.

581. Other Salts of Aluminium. Since in using aluminium

sulphate as a mordant in dyeing, the alumina is deposited on the fibre,

the corresponding amount of acid remains in the solution, and as it

increases it begins to hinder the deposition. By using a weak and
volatile acid, the process can be carried on to much greater advantage ;

for such purposes, therefore, aluminium acetate is used. This salt is

obtained from aluminium sulphate by decomposing it with barium or

lead acetate, whereby the corresponding sulphate, being insoluble, is

deposited. The same object is attained more simply by the addition

of any soluble acetate, e.g. sodium acetate, since this has the same effect

in diminishing the concentration of hydrion.
Aluminium acetate is a very decomposable salt ;. even on boiling

its aqueous solution it is decomposed into alumina (or a very basic

acetate), which is precipitated, and acetic acid, which remains in solu-

tion. This is due to the increase of hydrolysis with rising temperature.
For, since the hydrolysis depends on the amount of hydrion and hydrox-
idion contained in the water, and since this increases with rising tempera-
ture, because the dissociation of water into its ions is accompanied by
absorption of heat, the degree of hydrolysis must also increase as the

temperature rises. Moreover, the reaction is thereby accelerated, and

long-persisting supersaturation therefore excluded.

Aluminium Phosphate occurs as a mineral in various forms. It

is best known as turquoise, which is used as a gem, and is coloured blue,

owing to the presence of copper.
582. Ultramarine is the name given to a substance of a fine blue

colour which was first obtained from the lapis lazuli, in which it occurs

mixed with a colourless matrix, and has been used as a valuable pig-
ment. From analysis, aluminium, silicon, sodium, and sulphur are

found to be the chief constituents, and in 1828 Gmelin succeeded in

preparing a blue dye-stuff of the nature of ultramarine by treating
alumina with Glauber's salt, silicic acid, and charcoal. Since then, the

commercial preparation of this colour, which is distinguished by its

unchangeableness in light and by its beauty, has grown to a large

industry. Kaolin is heated with Glauber's salt, or soda, charcoal, and

sulphur, at first with exclusion of air, and the dull green-coloured

product is then roasted with sulphur, with access of air, whereupon the

blue colour develops. A series of different colours, from red-violet to

blue-green, is obtained by varying the relative amounts of the original
substances and the method of treatment. The ultramarine is made

ready for use by washing with water and elutriation.
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While ultramarine is stable to light and air, even in the presence
of lime, it is decomposed even by -weak acids, thereby becoming colour-

less and evolving sulphuretted hydrogen.
In spite of its having long been known, and of the technical prepara-

tion of ultramarine having been practised for many years, the chemical

nature of this substance is not yet clear. The sodium in it can be

replaced by silver and potassium ;
so far it behaves like a salt. Its

formula, however, is not known, since we have as yet no means of

separating the pure substance from any impurities it contains.

583. The Other Earth Metals. The elements already men-

tioned which are allied to aluminium, viz. scandium, yttrium, lan-

thanum, cerium, praseodymium, neodymium, samarium, and ytterbium,

along with a number of still less certain companions, are all of .them

very rare, and occur only in isolated parts of the earth's crust, in Scan-

dinavia, and in North and South America. Their properties are similar

to those of aluminium, subject to the same deviations as were found

in the other groups, with increase of the combining weights ;
that

is, the free metals are all the more readily oxidisable the greater
their combining weight, and, in the same sense, the bases become

stronger.
The hydroxides are white, amorphous precipitates, which, however,

no longer dissolve in alkali hydroxides ;
the higher members are even

able to form carbonates. With potassium sulphate they form double

salts, which are slightly soluble in water, and almost insoluble in excess

of potassium sulphate solution. The latter behaviour is due to the

diminution of the solubility by the presence of the sulphanion (p. 470),

and is by no means a peculiar property of these double salts. The

composition of the double salts, however, does not correspond to that

of alum, but is expressed by the formula MK3(S04 )3 . Further, in the

higher members the property of forming more highly oxidised com-

pounds or peroxides is found.

By reason of this close agreement in the properties, it is no easy
matter to separate these elements, which generally occur mixed in

nature, from one another. Nor are there any methods of separation

applicable to them such as are employed for other analytical purposes,
but one has to be content with partial separation on the basis of slight

differences in solubility, of chemical equilibrium,, and of decomposa-
bility, by repeated performance of which the object is more or less

completely attained. In fact, almost every investigation which has

been carried out with comparative thoroughness has shown that one or

other of the substances hitherto regarded as simple is a mixture, and
the whole history of the development of this part of chemistry may be

designated as the gradual isolation of new individuals from the total

amount. It is by no means probable that these separations have

already reached a definite conclusion.

As characteristic of the various elements of this group, there is,
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first of all, the combining weight. By some method or other, a partial

separation of the mixture of substances is effected, e.g. by partial pre-

cipitation of the salt solution with insufficient ammonia, and this method
is repeated until the combining weight of the fractions obtained no

longer changes on further separation. Another very important criterion

is afforded by the optical properties. Many of these elements give a

very complicated spectrum on allowing the electric spark to pass
between carbon points moistened with solutions of their salts. Since,

under given conditions, each element possesses a perfectly definite

spectrum, it can be seen whether the spectrum changes by partial

separations. Where this is the case, we are certainly dealing with a

mixture. The higher members also exhibit absorption spectra, some
of them also emission spectra. The former are obtained by allowing
white light to pass through solutions of the salt in question, and then

examining it with the spectroscope. Dark bands are then seen in

definite positions, which are also characteristic of the different elements.

Further, the oxides of the higher members, when heated to incandes-

cence, do not emit continuous light, as solid substances usually do,
but the emitted light is found by the spectroscope to consist of isolated

bands similar to the light of incandescent gases. In this case, however,

they are much broader than in the latter case.

Another kind of optical phenomenon, the importance of which for

the characterisation of the elements has not yet been fully demon-

strated, consists in the phosphorescence produced by the cathode rays.
When electrical discharges of high potential are allowed to pass through
a highly vacuous space, rays of a special kind are emitted from the

cathode, which are propagated in straight lines, and which render

luminous many substances with which they come into contact. The

light thus produced differs also in different substances
; still,

differences occur in cases where chemical differences are unknown, so

that it does not appear safe to draw conclusions from the one as to

the other.

Scandium, yttrium, and lanthanum yield colourless salts, and form

only one oxide, of the composition M2 3 . Besides the tervalent

hydroxide Ce(OH)3 ,
whose salts are colourless, cerium yields a quadri-

valent hydroxide, Ce(OH)4 (and a corresponding oxide, Ce02 ), which

also forms salts, whose solutions are brown. We have here, therefore,

two kinds of ions whose chemical composition is not different, but

which have different properties, depending on the different valency.
The tervalent ion, Ce'", is called tricerion, the quadrivalent ion, Ce""

tetracerion, and the corresponding salts are called cerous and eerie salts.

The former are converted into the latter by means of oxidising agents ;

the reverse change is effected by reducing agents. These very im-

portant relations will presently be studied more closely in the better-

known example of iron.

Recently, cerium has become of technical importance from the fact
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that it is added to thoria, of which the mantles for the incandescent

light are made. In the section treating. of thorium further particulars

of this will be given.

Praseodymium and neodymium are characterised by the absorption

spectra of their salts. They also form higher oxides, but much less

easily than cerium.



CHAPTER XXX

IRON

584. General. Metallic iron was not obtained from its naturally

occurring compounds at so early a date as some of the other metals,

especially copper and tin. This is due to its high point of fusion, and
to the much greater difficulty in obtaining it in the metallic state from
its compounds. Thus, in prehistoric times iron does not appear till

after bronze, i.e. mixtures containing copper as essential constituent,
and was apparently at first a great rarity.

Notwithstanding the wide contribution of iron, it scarcely ever occurs
in the metallic state on account of its tendency to form compounds
with oxygen and sulphur. The chief occurrence of metallic iron,

except in some rather accidental cases through the action of chemical

processes connected with volcanic activity, is in certain meteorites.

These are masses which do not originally belong to the earth, but which,
in the course of their flight through space, approach so closely to the

earth that, owing to atmospheric friction, they lose their kinetic energy,
which is thereby converted into heat, and fall to the earth. Many of

these masses consist of iron.

Masses of native iron also occur, although rarely (e.g. at Ofvivak in

Greenland), whose meteoric origin is doubtful, although no explanation
has been given of any other possible origin.

Iron is a grey, tenacious metal, which fuses with great difficulty,
at about 1600

;
it combines with free oxygen quickly at high tempera-

tures, slowly at low ones. In the heat essentially compounds of the

formula Fe3 4 to Fe2 3 are formed
;

in the cold, iron hydroxide,

Fe(OH)3 ,
is formed. The hydrogen necessary for this is taken up in

the form of water
;
in fact, iron

"
rusts

"
or oxidises at a low tempera-

ture only in moist, not, or not measurably, in dry air. Since the rust

does not cohere, it does not protect the iron against further oxidation

(p. 579).

At all temperatures water is decomposed by iron. The decomposi-
tion of water by red-hot iron is a classical experiment (p. 126). Even
at the ordinary temperature decomposition takes place with evolution

593 2Q
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of hydrogen, but exceedingly slowly, so that the evolution of hydrogen
can be observed only by using large surfaces (iron powder). Iron is

dissolved even by the weakest acids, thereby passing into bivalent

diferrion with evolution of hydrogen.
The combining weight of iron has been found to be Fe = 55-9.

585. Commercial Iron. Commercial iron is not pure, but con-

tains up to as much as 5 per cent of carbon, which has a very great

influence on its properties, and also smaller quantities of other impurities.

While pure iron, although very tenacious, is comparatively soft, its

hardness increases with the amount of carbon it contains, and its

behaviour at moderately high temperatures becomes essentially different.

There are three chief kinds of commercial iron, viz. wrought-iron,

steel, and cast-iron ;
the first contains the smallest, the last the highest,

amount of carbon. Wrought-iron approximates most nearly both in

composition and in properties to pure iron
;

it is tough, not very hard,

and on being heated first becomes soft like wax or sodium before melt-

ing. This property is of the greatest importance for the technical

working of iron, as it renders it possible to shape the metal and to

unite different pieces without it being necessary to raise the tempera-
ture to the melting point of the metal. On the contrary, it is sufficient

to heat to the temperature of softening (about 600), so as to attain the

object by pressing, rolling, and forging. The uniting of the two pieces

of iron by pressure (hammering) is called welding. The temperature

necessary for this is bright red-heat.

The properties of wrought-iron do not undergo essential change
when it is heated and suddenly cooled. The character of steel, how-

ever, depends in the highest degree on such treatment.

Steel is iron which contains from 0-8 to 2-5 per cent of carbon, but

is otherwise as pure as possible. The carbon is chemically combined

with the iron, and this carburetted iron or iron carbide, Fe3C, is alloyed
with the rest of the iron. The result of the presence of this foreign

substance is, in the first place, an appreciable sinking of the melting

point ;
at 1400 steel is liquid and can be cast. Cast-steel is a metal

consisting of fine crystalline grains, which, like wrought-iron, softens

before melting, and can therefore be forged. By such treatment steel

acquires a fibrous or sinewy character, similar to wrought-iron. If

the steel is made red hot and then suddenly cooled, it becomes brittle,

and at the same time acquires its highest degree of hardness. It is

then so hard that it scratches glass, and is hence called glass hard.

If this steel is again carefully heated, all degrees of hardness can be

imparted to it, for it increases in softness the longer or the higher it

is heated. This process is called the tempering of steel.

As an index of the degree of tempering to be attained, use has

been made from olden times of the colours which a bright steel surface

acquires on being heated. At about 220, the metal begins to oxidise

in the air with a measurable velocity, and the oxide produced forms a
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thin coating on the metal. If the thickness of this coating is of the

order of a wave-length of light, the corresponding interference colours,

or the
"
colours of thin plates," begin to appear. Since the shortest

of the visible waves, the violet, is first extinguished, the first tarnish-

colour to appear is the complementary colour, pale straw-yellow. This

passes through the colours orange, purple, violet, blue, and finally

becomes grey. To each of these colours there corresponds a definite

degree of hardness of the steel. Steel for tools to work iron is allowed

to reach the yellow stage, for brass the purple-red stage, while tools

for wood are allowed to become blue. Although colour and hardness

do not exactly correspond, still the correspondence is sufficient for an

experienced workman.
The great utility of steel in the arts is due to the diversity in the

degrees of hardness which it can acquire. In the soft state it can be

shaped to any desired form, and the shaped objects can then be brought
to any degree of hardness.

It is only in recent years, that the theory of tempering has been

made clear. Iron carbide, Fe3C, mentioned above, is not only itself

very hard, but it forms with pure iron a homogeneous mixture, a
"

solid

solution," which is also hard
;

so much the less hard, the less carbide

it contains. If, now, such a solid solution, consisting at higher tem-

peratures of carbide and iron, is slowly cooled, it breaks up at about

670 into pure iron and iron carbide, which exist as a conglomerate
side by side. Since pure iron is soft, it imparts this property also to

the mixture.

If, however, the cooling is performed rapidly, the breaking up of

the solid solution does not occur, and the latter therefore preserves its

hardness. The solid solution hereby becomes metastable or to a certain

extent supersaturated.
This explains, in the first place, why quenched steel is hard, while

slowly cooled steel is soft. The tempering of hard steel, now, consists

in the separation of the solid solution into its two constituents through
elevation of the temperature, the separation occurring all the more

rapidly the higher the temperature. By sudden cooling, the state of

the mixture attained at any point is preserved, since, at the ordinary

temperature, the velocity of change is immeasurably small. The

corresponding degree of hardness is then obtained.

These considerations also make clear the fact, learned by experi-

ence, that the temper depends not only on the temperature but also

on the time, in such a way that a lower temperature for a long period
has the same effect as a higher temperature for a shorter time.

The tempering can be carried out in one operation by appropriately

heating to above 670 until the desired mixture of iron and solid solu-

tion (the equilibrium between which alters with the temperature) is pro-

duced, and then fixing this state by suddenly cooling. The temperature

necessary for obtaining a definite degree of hardness depends on the
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amount of carbon present. If this is known, the temperature required
to produce a given degree of hardness can be decided beforehand.

If the amount of carbon increases to from 4 to 5 per cent, the

melting point of the iron becomes still lower, and the metal loses its

toughness and the power of assuming the fibrous condition, but it still

retains the power of being tempered to a certain degree. Such iron is

called cast-iron.

Two kinds of cast-iron are distinguished, white and grey. The

former is obtained by quickly cooling ;
it is very hard and crystalline,

and contains the greater part of its carbon chemically combined as

carbide. When the cast-iron is slowly cooled, part of the carbon separ-
ates out in fine laminae as graphite, which impart a grey colour to the

iron. At the same time the metal becomes less hard and brittle, and

the grain finer. In this condition cast-iron is used for innumerable

purposes where ease in the shaping of the object by casting has to be

taken into account, and where the smaller resistance of the metal to

pulling strain and bending is no essential drawback.

586. The Ions of Iron. Iron forms two kinds of elementary as

well as a large number of complex ions containing other elements

along with the iron. We shall in the first place treat of the former.

The elementary ions of iron are bi- and tervalent
;

the former is

called diferrion, the latter triferrion, and all the compounds which are

derived from the former are designated ferrous compounds, in contra-

distinction to those derived from the latter, which are designated ferric

compounds. The ferrous compounds possess a similarity to those of

magnesium, the ferric to those of aluminium.

Diferrion in the pure state is almost colourless. Most of the salts

which contain diferrion exhibit a greenish coloration, which is usually

regarded as that of the diferrion. It appears, however, to be due for

the greatest part to the presence of a trace of triferrion, since dark-

coloured compounds of the two exist which even in very small amount

produce the green coloration.

Although diferrion does not absorb the visible rays to any great

extent, it absorbs those of great wave-length, the ultra-red or the heat

rays, in a very pronounced degree. A vessel with parallel walls, filled

with the solution of a ferrous salt, is the most effective means of freeing

light rays (e.g. in projection apparatus) from the dark heat rays which
are present, and thus of avoiding the harmful heating of the objects.
The same property is possessed by glass containing ferrous silicate.

Diferrion has an
"
inky

"
taste, i.e. the taste of ink is due to the

presence of iron, which is chiefly in the form of diferrion.

The salts of diferrion are, as already mentioned, very similar to

those of magnesion, and are in many cases isomorphous with them ;

like the solutions, they have a greenish colour. The general reactions

also are similar, but ferrous hydroxide is considerably less soluble than

magnesium hydroxide. An essential difference is the tendency of
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diferrion to pass into triferrion, a reaction for which there is no counter-

part in the case of magnesium.
Diferrion is very readily formed by treating metallic iron with acids.

The conversion of metallic iron into diferrion then occurs, accompanied

by the transformation of the hydrion into neutral, gaseous hydrogen ;

the reaction is therefore represented by the equation Fe + 2H* =
Fe" + H2 . Of course the cations hydrion and diferrion cannot exist

without there also being an equivalent quantity of anion present ;
for the

reaction itself, however, the nature of the anion is of no importance so

long as it has no influence on the state of ionisation of the hydrogen
or of the iron.

In the case of weak acids, the anion is for the most part united with

hydrogen, and only a small part of the latter is in the ionic condition
;

the action of such acids is slower, being commensurate with the actual,

not the potential concentration (p. 272) of the hydrion. The amount
of iron which is ultimately dissolved, or the quantity of hydrogen
evolved, depends, however, not on the degree of dissociation but

on the total amount of the acid hydrogen, because, in proportion
as hydrion is used up, more is formed so long as the acid hydrogen is

present (p. 273).

Further, diferrion, i.e. a ferrous salt, is formed whenferrous sulphide
is acted on by acids. We have already seen that this reaction is a

method of obtaining sulphuretted hydrogen ;
it depends on the fact

that sulphuretted hydrogen is a weak acid, and ferrous sulphide a

comparatively soluble sulphide, although its solubility is so small that

it cannot be detected by the ordinary analytical aids (p. 303).

A number of other reactions in which diferrion is formed will be

discussed later.

The tervalent triferrion, Fe'", is also almost colourless. In aqueous
solution, however, most of the ferric salts exhibit a yellow to brown-

red coloration. This, however, is due not to triferrion but to ferric

hydroxide, which is present in the colloidal state in solution. The forma-

tion of the latter regularly occurs from the fact that ferric hydroxide
is a very weak base, and is therefore split off from its salts by the hydro-

lytic action of the solvent water (p. 275). If much free acid is added,
a part of the separated hydroxide is again converted into ion, or into

salt, and the solution loses more and more its red-brown colour.

This is best seen by acidifying with nitric acid. Hydrochloric
acid produces a strongly yellow-coloured and not a colourless liquid,

because the undissociated ferric chloride, the amount of which is in-

creased by the addition of chloridion (p. 355), has an intense yellow
colour.

Triferrion is very readily formed in solutions from diferrion by
means of oxidising agents. The bivalent cation Fe" thereby passes
into the tervalent ion Fe"'. Oxidation of ions, therefore, is the same
as increasing the positive ionic charge. Since the sum of a positive and
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a negative charge is zero, increase of the positive charge is equivalent
to diminishing the negative charge.

The opposite of oxidation is called reduction. In the above sense,

therefore, reduction means the diminution of the positive or the increase

of the negative ionic charge. The following examples will render this

more clear.

The positive charge necessary for the conversion of diferrion into

the ferric state can be taken from another positive ion, which thereby

passes into the neutral (or less positive) state. This occurs, for example,
on mixing a ferrous salt with a silver salt

;
the former then passes

into a ferric salt, while the latter is converted into the neutral state,

i.e. into metallic silver. The equation is, Fe" + Ag' = Fe"* + Ag.
This reaction takes place only when a comparatively large quantity

of diferrion is present ; conversely, metallic silver dissolves in a solu-

tion containing triferrion, thereby passing into argention : Fe"' + Ag =

Fe"+Ag.
That the same substances exert opposite actions is due, in this as

in every case, to the action of mass. The tendency of diferrion to pass
into triferrion is all the greater the greater its concentration, and the

less the concentration of the triferrion present at the same time, and
vice versa. In other words, the position which the mixture takes as

oxidising and reducing agent is a question of the relative concentra-

tions of the two kinds of ions.

The conversion of a neutral substance into an ion with negative

charge is equivalent to the conversion of a positive ion into the neutral

state. It will therefore be possible to convert diferrion into triferrion

by means of the former reaction.

As a matter of fact, this readily occurs when, for example, chlorine

gas is passed into a solution of a ferrous salt. The reaction then is,

2Fe" + Cl2
= 2Fe'" + 2Cr: The diferrion passes into triferrion, and

chloridion is formed at the same time.

In this case the reverse reaction cannot be measured or detected ;

it occurs, however, in the case of iodine. If a small quantity of iodine

is mixed with much ferrous salt, there occurs the reaction I
2 + 2Fe" =

2Fe'" + 21', just as in the case of chlorine. If, on the other hand,
some iodidion is brought together with a large excess of triferrion, the

reverse reaction occurs, 2Fe'" + 2I' = Fe" + I2 ,
and iodine is liberated.

To such changes in the ionic charge, all processes of oxidation and
reduction can be attributed. The matter is, however, sometimes com-

plicated by the fact that the particular substances are not completely
dissociated, or are dissociated only to a very small extent. We shall

soon have an opportunity of explaining, by means of examples, how
the matter is then to be regarded.

Even on standing in the air, ferrous salts change into ferric salts.

In this case the oxygen of the air takes part by forming hydroxidion
with the water, and so yielding the negative ion, which must be simul-
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taneously produced when the positive charge of diferrion is increased.

The reaction can be expressed by the equation 4Fe" + 2 + 2H2
=

4Fe'" + 40H'. The conversion of diferrion into triferrion is, therefore,

actually effected by the free oxygen, and to this is due the designation
of the process as one of oxidation. It is, therefore, a one-sided desig-

nation, and refers only to one of innumerable possible cases
;
for reasons,

however, which now belong to the history of chemistry, a special import-
ance was formerly attached to this process, and from it the general
name was chosen.

In the case of the reaction just described, hydroxidion is formed

from the oxygen with the co-operation of the water, and the solution

contains hydroxidion or becomes alkaline. Salts in which hydroxidion
is present along with other anions, have been called basic salts. Basic

salts of triferrion, therefore, are formed in the conversion of ferrous

into ferric salts by means of free oxygen ;
these salts have the general

formula FeA2(OH), where A is a univalent anion. Since such salts

are mostly sparingly soluble in water, we obtain the explanation why
neutral ferrous salts on standing in the air become turbid, and deposit
brown precipitates which .are found to be basic salts like the above.

In order to avoid this, the formation of hydroxidion must be prevented

by the presence of hydrion. Acidified solutions of ferrous salts do not

become turbid in the air although they undergo oxidation.

What has been said holds generally. Whenever a cation is con-

verted by free oxygen into one of a higher valency, the liquid thereby
becomes more basic. Conversely, a liquid becomes more acid when
reductions are effected in it by means of hydrogen gas.

587. Ferrous Hydroxide. When a solution of caustic potash
or soda is added to the solution of a ferrous salt, a white, slimy pre-

cipitate of ferrous hydroxide, Fe(OH)2 ,
is precipitated, since the solu-

bility of this substance in water is very slight. If, however, this experi-
ment is carried out with ordinary solutions, a dark green and not a

white precipitate is obtained. This is due to the fact that ferrous

hydroxide unites extremely rapidly with free oxygen ;
the ferric

hydroxide formed unites with the ferrous hydroxide to form a black

compound, which has a greenish appearance when distributed in a

finely divided state through the white precipitate. Even extremely
small quantities of free oxygen are sufficient to produce this phe-

nomenon, so that the solutions employed must be very carefully freed

from air in order that the colour of the pure ferrous hydroxide may
be seen.

In order to free ferrous salts for these and similar purposes from

triferrion, the solutions are warmed with metallic iron (iron filings).

There then occurs the reaction 2Fe"* + Fe = 3Fe", and triferrion passes
into diferrion.

If the precipitate is exposed to the air, the surface immediately
becomes dark greenish-black in colour, from formation of the above-
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mentioned double compound, and then red-brown, which is the colour

of ferric hydroxide.
Ferrous hydroxide dissolves readily in dilute acids, with formation

of the corresponding ferrous salt. It does not dissolve in alkalis, since

it cannot form any anions.

It is, however, slightly soluble in salts of ammonium, similarly to

magnesium hydroxide, although not so easily as this. This is due to

its smaller absolute solubility, in virtue of which the solubility product
is reached at smaller concentration of the diferrion. The ammoniacal

solution, however, immediately becomes turbid in the air, and green-
black flakes are precipitated from it and rapidly become brown.

Oxygen is absorbed from the air, whereby diferrion is converted into

triferrion, and the concentration of the hydroxidion at the same time

increased. Since the solubility product of ferric hydroxide is very
small, it separates out in the solid state.

This phenomenon does not occur when magnesium hydroxide is

dissolved in ammonium salts, because magnesium cannot form a ter-

valent cation.

Freshly precipitated ferrous hydroxide (most cheaply a mixture of

a ferrous salt and lime) can be used to remove oxygen from gases.
Its action is fairly complete, although somewhat slow.

588. Ferrous Sulphate. Of the ferrous salts, the sulphate is the

best known and the most used. It occurs in bright green crystals
with 7H20, belonging to the monoclinic system. It cannot be directly

regarded as isomorphous with magnesium sulphate, which also con-

tains 7H20, because the latter salt is rhombic. Nevertheless, the two

sulphates crystallise together in such a way that from solutions which

chiefly contain ferrous sulphate, crystals containing magnesium, but of

the form of the ferrous salt, are formed
;

while from solutions chiefly

containing magnesium sulphate, crystals of the form of Epsom salts,

but containing iron, are deposited.
The explanation of this phenomenon is that the two sulphates are

dimorphous and at the same time isomorphous, for both can crystallise
in rhombic as well as in monoclinic form. In the case of magnesium
sulphate, the former is the more stable ;

in the case of ferrous sulphate,
the latter. In the case of the mixed crystals, therefore, it depends on
the ratio in which the salts are mixed which of the two forms is the

more stable, the predominating salt always determining the form.

The popular name of ferrous sulphate is iron or green vitriol. The
name "

vitriol
"

is used to designate all sulphates of the iron group
derived from bivalent ions

;
thus there are also manganese, cobalt, and

nickel vitriols. Copper sulphate, also, is called copper vitriol, although

copper belongs to the next group; this is due to the fact that this salt

is also partially isomorphous with the other vitriols.

Iron vitriol can be prepared by dissolving metallic iron or iron sul-

phide in dilute sulphuric acid and evaporating the liquid till it crystal-
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lises. It is, however, usually obtained in another way. Iron sulphide
occurs very widely distributed in nature. In the moist state this is

oxidised on contact with oxygen and passes into ferrous sulphate,

according to the equation FeS + 202
= FeS04 . The rock containing

iron sulphide is therefore spread out exposed to the air and moistened
;

in a short time, by extracting with water, large quantities of ferrous

sulphate can be obtained from it. This method of preparation is so

cheap that it was formerly the custom to use the iron vitriol for the

preparation of sulphuric acid.

In order to obtain sulphuric acid or
"

oil of vitriol
"

from iron

vitriol, the salt was first heated in the air or
"
roasted," whereby it

was converted into basic ferric sulphate : 4FeS04 + 2 + 2H2
=

4FeS04(OH). On being heated, this latter salt decomposes into sul-

phuric acid, sulphur trioxide, and ferric oxide, in accordance with the

equation 2FeS04(OH) = Fe2 3 +H2S04 + S03 . The resulting mixture

of sulphuric acid and sulhpur trioxide, on account of the presence of

the latter, fumes in moist air (p. 312) ;
it therefore constituted

"
fuming

sulphuric acid," in contradistinction to the non-fuming acid prepared
in the leaden chambers, which does not contain anhydride. Since this

fuming acid was prepared in fairly large quantities at Nordhausen in

the Harz, it was also called Nordhausen sulphuric acid.

At the present time this method is no longer used, as the manu-
facture of sulphur trioxide by the contact method has completely
ousted all the others.

Like magnesium sulphate, ferrous sulphate unites with potassium
sulphate and the salts isomorphous with this, to form monoclinic double

sulphates of the type K2Fe(S04)2 . 6H20. The ammonium salt (NH4)2

Fe(S04)2 . 6H20, which crystallises well and does not oxidise in the air,

is used in analysis (cf. Manganese).
589. Other Ferrous Salts. Ferrous chloride, FeCl2 ,

is a salt

which is very readily soluble in water, and which in solution rapidly
oxidises in the air

;
in the laboratory it is obtained in large quantities

in the preparation of sulphuretted hydrogen from iron sulphide and

hydrochloric acid. On concentrating the solutions it is obtained in

the form of greenish crystals containing 6H20, which very readily
become coated in the air with brown crusts of basic ferric salt.

Ferrous chloride is obtained in the anhydrous state by heating
iron in a current of hydrogen chloride. The latter is decomposed
with liberation of hydrogen, and the ferrous chloride sublimes at a

bright red-heat in white-grey, lustrous scales, which feel like talc.

The anhydrous salt dissolves in water with great evolution of heat.

Concerning ferrous bromide and ferrous iodide, there is nothing

special to note. The aqueous solutions of these salts are readily obtained

by bringing the free halogens together with excess of metallic iron
;
the

salts are very readily soluble.

Ferrous carbonate, FeC03 ,
occurs naturally as a valuable iron ore
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spathic iron ore. It crystallises in rhombohedra which are isomorphous

with those of calc-spar and of magnesite ;
in the pure state it is almost

colourless, but is generally coloured yellow-brown from incipient oxida-

tion. From aqueous solutions of ferrous salts soluble carbonates pre-

cipitate it as a greenish-white substance, which readily dissolves in

acids, with effervescence, and which also becomes rather rapidly brown

owing to oxidation.

590. Ferric Hydroxide. By the addition of bases to solutions

of ferric salts, ferric hydroxide, Fe(OH)3 ,
is obtained as a brown, floc-

culent precipitate, which is very slimy when precipitated in the cold.

If the liquid is heated along with the precipitate, the latter acquires

a firmer character, and can be readily filtered.

Ferric hydroxide is a very weak base, and is practically insoluble

in water. In acids it is soluble when freshly precipitated, and if it

has not been heated ;
it passes, however, into less soluble forms even

on standing for some time in the heat, partial anhydride formation

presumably occurring. On being heated to a red heat it loses water

and is converted into ferric oxide, Fe
2 3 , according to the equation

2Fe(OH)3
= Fe2 3 + 3H20. This ignited iron oxide is almost insoluble

in acids, and passes into solution only on being warmed for days with

concentrated hydrochloric acid
;

it dissolves more quickly when it is

at the same time reduced to ferrous salt.

Ferric hydroxide possesses the property to a very high degree of

forming colloidal solutions. These are obtained by dissolving freshly

precipitated ferric hydroxide in a concentrated solution of ferric chloride,

whereby soluble basic salts are formed, and dialysing this through a

partition of parchment paper into pure water. The aqueous solutions

of ferric chloride, like those of all other ferric salts, are partially hydro-

lysed into free acid and colloidal ferric hydroxide. Since hydrochloric
acid diffuses very quickly, while ferric hydroxide and basic ferric chloride

can hardly penetrate the parchment paper, the hydrochloric acid

present first of all passes out. The chemical equilibrium of hydrolysis
is thereby disturbed, more hydrochloric acid must be split off, and this

is in turn removed by diffusion. These reactions continue until finally

only or almost only colloidal ferric hydroxide is left in the dialyser.

The solution so obtained is of a dark blood-red colour, and exhibits

the characteristic properties of colloidal solutions in the most distinct

manner. It does not possess electrical conductivity to any considerable

extent
;

its boiling point and freezing point, also, differ only inappreci-

ably from those of pure water. Addition of electrolytes precipitate

it, the ferric hydroxide separating out as a flocculent mass. Chemical

reactions do not take place with it, or do so only very slowly ;
more

especially, it exhibits none of the analytical characteristics of the ferric

salts, which will be mentioned later, since it does not contain triferrion.

On standing with hydrochloric acid it gradually passes into a liquid

possessing the properties of the solution of ordinary ferric chloride.
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Solutions of colloidal ferric hydroxide are prepared in the above

manner for medicinal purposes, and are sold under the name/emm
oxydatum dialysatum (dialysed iron).

Both hydroxide and oxide of iron occur in nattfre
;
both are im-

portant iron ores, and are called brown iron ore and haematite respec-

tively. The former occurs in brown-black lustrous masses, which, on

being ground, yield a yellow-brown powder. Iron oxide crystallises
in rhombohedra which are isomorphous with those of corundum (p. 582),
and have a black metallic appearance ;

in this form it is called iron

glance. The concretionary iron oxide (kidney ore) has a lustrous black

appearance similar to brown iron ore
;
on being ground, however, it

gives a red powder.
Iron oxide and hydroxide are extremely widely distributed in

nature. In the primitive rocks, iron regularly occurs in the form of

silicate
;
in the weathering, the silicic acid is removed and the hydroxide

remains. This mixes with all sedimentary rocks, and imparts to them
a yellow-brown to red colour. When reducing actions occur, as, for

example, through admixturewith organic substances, the ferric hydroxide
is reduced to the dark-coloured compound mentioned on p. 599, and
this gives a grey-blue or greenish-blue colour to the particular sub-

stances. This colour is frequently seen in the case of clays containing
iron

;
when these are

"
fired

"
the organic substance is destroyed, and

the iron passes into ferric oxide, whereby the previously blue clay
becomes of a red colour.

Ferric hydroxide resembles aluminium hydroxide in many respects,

especially in the fact that the salts of both have a similar composition,
and are also mostly isomorphous. Like aluminium hydroxide, ferric

hydroxide is completely precipitated by ammonia from solutions of

ferric salts. It differs, however, from aluminium hydroxide in the fact

that it is not dissolved by strong bases
;
in fact a method of separating

the two hydroxides can be based on this difference. The method,

however, is not very exact, for the difference, or the inability of ferric

hydroxide to form anions containing oxygen (p. 582), is only one of

degree ;
in very concentrated solutions of the alkali hydroxides, ferric

hydroxide dissolves quite appreciably, and for this reason caustic alkalis

prepared in iron boilers almost always contain iron. On diluting the

solutions, the compound decomposes and the ferric hydroxide is gradu-

ally deposited as a brown precipitate on the bottom of the vessel.

In the presence of many organic substances, such as tartaric acid,

sugar, glycerol, etc., all of which contain several hydroxyl groups,
ferric hydroxide is not precipitated by alkalis from solutions of ferric

salts
; on the contrary, clear brown liquids are formed which exhibit

the reactions of iron only imperfectly. The description of the com-

pounds hereby produced belongs to organic chemistry ; they are salt-

like compounds in which the iron is present not as cation but as part
of a complex anion. They have received mention here from the fact
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that they are extremely readily formed, and when formed they render

the analytical detection and the precipitation of the iron more difficult.

In such cases the organic substance must be destroyed, which is most

easily done by strongly heating.
591. Magnetic Iron Ore. Ferric oxide unites with ferrous oxide

to form a compound which occurs abundantly in nature, and is a very
valuable iron ore

;
Fe2 3 + FeO = Fe3 4 . It is called magnetic iron

ore, as it frequently exhibits a strong natural magnetism ;
the chemical

name is ferrosoferric oxide.

Magnetic iron ore crystallises in regular octahedra, and is isomor-

phous with spinel (p. 583), which consists of aluminium oxide and

magnesium oxide, Al2 3 + MgO. As can be seen, the two compounds
are constituted after the same type, since both contain one combining

weight of a monoxide, MO, to one of a sesquioxide, M2 3 . In the pre-
sent case, however, iron is the only metal present, its bivalent form

taking the place of magnesium, and its tervalent form that of aluminium.

In magnetic iron ore, therefore, both the isomorphic relations come

simultaneously into force.

If ferrous salt and ferric salt be mixed in such proportions that

there is twice as much iron in the case of the latter salt as in the former,

and the mixture be poured into excess of caustic soda, a black granular

precipitate is obtained, which may be looked upon as a hydroxide of

the above compound. A salt-forming base, also, appears to exist
;

this is a compound of ferrous and ferric hydroxide, and to it is due

the greenish colour of the ferrous salts. This compound, however,
if it exists, is very unstable, its salts decomposing almost completely
into mixtures of ferrous and ferric salts.

592. Ferric Salts. Ferric chloride, FeCl3 ,
is obtained by heating

iron in a current of chlorine. It then sublimes as dark-green crystals
with a metallic lustre, and is much more easily volatile than ferrous

chloride.

The crystals dissolve in water with great rise of temperature, and

yield a yellow-brown solution from which the anhydrous salt cannot

be again obtained by evaporation and heating. Four different hydrates

containing from 6H2 to 2H2 crystallise out, according to the tem-

perature, and on attempting to drive off the last traces of water by
heating, hydrogen chloride is eliminated at the same time, and iron

oxide remains behind.

Hydrated ferric chloride can be obtained by dissolving ferric oxide

in hydrochloric acid, by passing chlorine into a solution of ferrous

chloride, and in other ways. The solution is evaporated until the

amount of water corresponds to FeCl3 + 6H2 ;
on cooling, it crystal-

lises to yellow crystals of the hydrated salt, which dissolves very

readily in water. The 43-5 per cent aqueous solution of this salt is

officinal.

Ferric chloride also dissolves in other solvents, like alcohol and
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ether. The solutions are yellow ; yellow is therefore the colour of

ferric chloride in the undissociated state.

The aqueous solutions of the salt react strongly acid, since, on
account of the feebly basic properties of ferric hydroxide, the salts

are to some extent hydrolytically dissociated. The hydrolysis in-

creases with the dilution and with rise of temperature. It betrays
itself to the eye by the fact that the yellow colour of the undissociated

ferric chloride disappears and gives place to the red-brown colour of

the colloidal ferric hydroxide which is formed.

These properties can be made very clear by means of some simple

experiments. Two equal small portions of a fairly dilute solution of

ferric chloride are taken, and to one there is added so much water that

it becomes almost colourless. If to the other portion an equally large
volume of concentrated hydrochloric acid is added, a liquid of a

strong yellow colour is obtained. Owing to the great concentration of

chloridion in the second case, the electrolytic dissociation of the ferric

chloride is so greatly diminished that the yellow colour of the undis-

sociated substance makes its appearance.
A solution of ferric chloride, diluted almost to colourlessness, is

divided into two portions, and these are placed in equally wide test

tubes. If the one portion is heated the solution becomes of a brown-
red colour, hydrochloric acid and colloidal ferric hydroxide being formed

by hydrolysis. This coloration persists also when the heated tube is

placed in cold water, so that both portions of the original liquid have
the same temperature. If, however, the two tubes are kept side by
side for several days, the colour of the solution which had been heated

becomes weaker, and ultimately both specimens are of the same colour.

This is due to the fact that the hydrolysis, which was greatly increased

by warming, diminishes at a low temperature, the hydrochloric acid

and the ferric hydroxide being again converted into ferric chloride, or

into triferrion and chloridion.

593. Ferric Bromide and Ferric Iodide. While the bromine

compound of the ferric series possesses no special interest, interest

attaches to the iodine compound. It has already been mentioned

(p. 598), that in this case the components exist to a measurable extent

in chemical equilibrium. If to a solution of ferrous iodide, FeI2 ,
as

much free iodine is added as corresponds to the formula FeI3 ,
it passes,

indeed, into solution, but the solution still exhibits the reactions of free

iodine, and at a higher temperature the latter volatilises from it. The
reaction 2FeI2 + 12

= 2FeI3 , therefore, does not take place completely,
but the reverse reaction can also occur to a large extent. If the iodine

is removed from the equilibrium, the reverse reaction must take place
more and more, and ferrous iodide must ultimately remain. The

reaction, however, becomes increasingly difficult the more iodine is

removed from the solution.

Writing the ions which are present, the equation runs 2Fe'" +
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2I' = 2Fe' + I2 ,
and the reader may be referred to the considerations

set forth on p. 598.

This reaction is used for analytical purposes for the separation
of iodine from chlorine and bromine. For this purpose excess of a

ferric salt is added to a solution containing the halogens as ions, and
the liquid is distilled. The iodine passes off with the steam, while

the bromidion and chloridion remain behind. The volatilised iodine

is absorbed in a solution of potassium iodide, and titrated with thio-

sulphate.
A mixture of ferrous and ferric iodides is obtained as an inter-

mediate product in the preparation of potassium iodide. Iodine and

iron, in the proportions 3Fe : 81, are mixed with water, whereby all

is dissolved, and the solution is precipitated with caustic alkali or

potassium carbonate. Potassium iodide is formed in the solution, and
the iron is deposited as the black ferrosoferric oxide (p. 599), which
can be more easily filtered and washed than the other oxides of iron.

594. Ferric Fluoride, FeF3 ,
is distinguished by the fact that it

is extremely slightly dissociated into its ions, and does not, therefore,

exhibit the reactions of triferrion and fluoridion. It is a sparingly

soluble, white compound, which forms with the alkali fluorides com-

pounds of the type of cryolite (p. 585), constituting the alkali salts of

a tervalent fluoferranion, FeF
6'".

595. Ferric Sulphate, Fe
2(S04)3 ,

is obtained by adding to a

solution of ferrous sulphate half as much sulphuric acid as is therein

contained, and evaporating the solution with addition of nitric acid

(to oxidise the diferrion to triferrion). After heating the residue there

is finally obtained a yellowish-white powder, which apparently does

not dissolve in water. If left for some time under water, however,
it dissolves in abundance, and fairly concentrated solutions can be

prepared. It is a salt, therefore, which has a very small solution

velocity.

The solutions appear brown-red, but the colour is all the paler the

more free acid is added. This is due to hydrolysis, which is diminished

by free acid. The hydrolysis again increases when the solution is

greatly diluted.

Ferric sulphate crystallises along with potassium or ammonium
sulphate to form alums, which are called iron alums. The salt crystal-
lises in octahedra, which generally appear violet (probably owing to

the presence of a trace of manganese). When pure the salt is almost

colourless, tinged with yellow. Iron alum is generally used where it

is necessary to employ a ferric salt in cases where ferric chloride, for

some reason, cannot be used.

596. Ferric Thiocyanate, Fe(SCN)3 ,
is exceedingly soluble in

water, and in the undissociated state is of a deep red-brown colour.

The smallest amount of triferrion, therefore, can be detected by adding
an excess of thiocyananion (e.g. potassium thiocyanate) to the solution.
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Since the reaction is due to the undissociated ferric thiocyanate (for

both thiocyananion and triferrion are colourless, or only slightly

coloured), it will, ceteris paribus, be all the more distinct the greater

the amount of the undissociated compound present.

This object is, in the first instance, attained by a large excess of

thiocyananion. If to a solution containing only a very little triferrion,

only an equivalent amount of thiocyananion is added, the coloration

produced is very feeble ;
it becomes more pronounced the more the

concentration of the thiocyananion is increased. Further, the reaction

becomes more distinct if the liquid is shaken with ether. Ferric thio-

cyanate in the undissociated state is soluble in ether
;
the undissociated

portion, therefore, passes for the greater part into the ether, a fresh

amount of the compound is formed in the aqueous solution, and this

also goes into the ether. When equilibrium is finally established

there is much more undissociated ferric thiocyanate in the ether than

there was previously in the aqueous solution. As a consequence, the

sensitiveness of the reaction is correspondingly enhanced.

If a concentrated solution of sodium or ammonium sulphate is

added to a liquid coloured red with ferric thiocyanate, the red colour

becomes weaker, and finally disappears. This is due to the fact that

owing to the presence of a large amount of sulphanion, the triferrion

is used up for the formation of undissociated ferric sulphate, which is

not coloured. The salts of monobasic acids do not act so strongly,

since the ferric salts of the polybasic acids are generally much less

dissociated than those of the monobasic acids. Fluorides act very

strongly (cf. p. 606).

597. Other Ferric Salts. Ferric acetate is an unstable salt, the

behaviour of which is, for analytical purposes, of interest. If sodium

acetate (or acetanion in any other form) is added to the solution of a

ferric salt, the liquid becomes dark red in colour, owing to the forma-

tion of undissociated ferric acetate. This reaction is used as a reagent
for acetic acid, but similar colorations are produced by a number of

other anions, so that the reaction is not unequivocal. If the red solu-

tion is heated it becomes turbid, and a precipitate of basic acetate is

formed, which contains all the iron. In this way iron (in the ferric

state) can be precipitated from acid solutions, which is of importance
for many separations.

If the liquid is again allowed to become cold in contact with the

precipitate, it slowly regains its red colour, and the iron begins to pass
into solution. When, therefore, an exact separation is required, the

precipitate must be filtered hot.

The explanation of this reaction is the same as in the case of alu-

minium acetate (p. 589). Since acetic acid is a weak acid (the hydrion
of which is still further diminished by the excess of acetanion from the

sodium acetate added) hydrolysis occurs to a great extent, and, on

heating, goes so far that ferric hydroxide, or basic acetate, is precipi-
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tated. The reverse process takes place at a lower temperature on

account of diminution of hydrolysis.
598. Ferric Phosphate, FeP04,

is precipitated from a solution

of a ferric salt, acidified with acetic acid, by the addition of sodium

phosphate, as a white, slimy precipitate which, unlike most of the

other phosphates, is not appreciably soluble in acetic acid. This

property is also made use of in analysis.
599. Sulphur Compounds of Iron. If iron and sulphur are

heated together a black mass of the composition FeS is formed. This

we have already got to know as the starting substance in the prepara-
tion of sulphuretted hydrogen. The compound can be prepared in

any desired amount by raising the end of an iron bar to a red heat,

lowering this into a large crucible, and adding sulphur in lumps. The
two elements combine with so great a rise of temperature that the iron

sulphide is melted, and the preparation can be obtained by simultane-

ously adding more sulphur and pushing the iron bar farther in.

A hydrated sulphide of iron of a black colour is formed when sulphur
and iron filings are mixed in the proportions 32 : 56, moistened with

water, and allowed to stand. The reaction commences slowly, but is

accelerated by the heat produced, and in the case of large quantities
it may be so violent that the mass becomes incandescent. Such experi-
ments were formerly often made in imitation of volcanic phenomena.
Since, however, the lava of the natural volcanoes does not consist of

iron sulphide, it is only a case of external resemblance.

Iron sulphide is readily decomposed by acids, with formation of

ferrous salt and sulphuretted hydrogen (p. 298), and it is therefore not

formed when sulphuretted hydrogen is passed into solutions of ferrous

salts. By means of ammonium sulphide, however, a black precipitate
of hydrated iron sulphide is formed in ferrous solutions

;
when finely

divided it appears green-black, and forms a very sensitive reaction for

iron. Iron sulphide rapidly oxidises in the air, ferrous sulphate being
first formed (p. 600), so that it cannot be washed on the filter without

beginning to dissolve.

Iron sulphide occurs native as magnetic pyrites in yellow-brown
masses, with a metallic lustre. These have very nearly the composition
of the simple iron sulphide, but always contain a slight excess of sulphur.
How this deviation from the law of constant proportions is to be inter-

preted has not yet been explained.
A sulphide of iron corresponding to ferric oxide, whose composition

would therefore be Fe2S3 ,
is not known. This is a conspicuous excep-

tion to the otherwise very general rule that the oxygen and the sulphur

compounds have corresponding composition. The anomaly becomes
all the greater through the fact that the sulphide of iron occurring
most frequently in nature has the composition FeS2 ,

to which again no

oxygen compound corresponds.
If sulphuretted hydrogen is passed into a solution of & ferric salt a
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white turbidity is produced, and the liquid becomes acid. The turbidity
is due to finely divided sulphur, and the reaction consists in the triferrion

present being reduced todiferrion by means of the sulphuretted hydrogen.
The process can be regarded most simply as an interaction between

negative sulphidion and positive triferrion, whereby the former entirely
loses its charge, the latter partially : 2Fe'" + S" = 2Fe" + S. The

hydrion belonging to the sulphuretted hydrogen remains over and

produces the acid reaction.

The double sulphide of iron, FeS2 ,
is called, as a mineral, iron pyrites,

and forms brass-yellow crystals belonging to the regular system, which

are of very frequent occurrence (as enclosures, for example, in almost

all coal). Iron pyrites is an important starting substance for the

preparation of sulphuric acid : for this purpose it is roasted, i.e. heated

with access of air, in specially constructed furnaces, when it burns

without further heating to ferric oxide, which remains behind, and

sulphur dioxide, which escapes : 4FeS2 + 1102
= 2Fe2 3 + 8S02 . When

heated with exclusion of air it loses a part of its sulphur.
600. Ferric Acid and Ferrates. When a mixture of iron and

nitre is heated it burns with energetic reaction. If the product after

being cooled (not while hot) is dissolved in water, a dark red-coloured

liquid is obtained, which, however, does riot keep well, but rapidly
becomes colourless, thereby depositing flocculent masses of ferric oxide.

A liquid having a similar appearance is obtained by electrolysing a
solution of caustic potash with an anode of cast-iron, and also when
chlorine is passed through a solution of caustic potash in which ferric

hydroxide is present.
The red colour is due to a small quantity of salt of the composition

K
2Fe04 ,

and which therefore contains the anion Fe04". The salt is

readily decomposable in solution, and loses oxygen. At first only

oxygen escapes, and the colourless solution contains the corresponding

ferrite, i.e. a salt corresponding to the aluminates (p. 582). This, how-

ever, is also unstable and soon deposits ferric oxide. On acidifying,
the decomposition occurs instantaneously. The potassium ferrate is

. somewhat more stable in the solid state
;

it is isomorphous with potas-
sium sulphate, K2S04 . The sparingly soluble barium salt is most stable.

601. Cyanogen Compounds of Iron. It has already been men-

tioned, when describing potassium cyanide, that this compound unites

with iron to form well crystallising and stable compounds. These

prove to be salts of complex anions, which, although they contain iron,

do not give the usual iron reactions. Since the
"
iron reactions

"
are

the reactions of diferrion and triferrion, we must conclude that these are

not present, or are so only in inappreciably small concentration.

The compounds are very readily obtained by allowing an alkali

cyanide to act on iron or an iron compound. In the case of metallic

iron the reaction takes place with evolution of hydrogen and formation

of potassium hydroxide, in accordance with the equation 6KCN + Fe +
2R



610 PEINCIPLES OF INORGANIC CHEMISTRY CHAP.

2H2
= K4Fe(CN)6 + 2KOH +H2 . If an iron salt is taken, the corre-

sponding potassium salt is formed. In this case it is a matter of indiffer-

ence whether the iron salt is soluble in water or not, since potassium

cyanide has under all conditions a solvent action.

On concentrating the solution the salt is obtained in bright yellow

hydrated crystals of the composition K4Fe(CN)6 + 3H20, which yields

a pale-yellow solution. As the formula shows, it is the potassium salt

of a quadrivalent anion, Fe(CN)6"", which is called ferrocyanidion ;
the

potassium salt is accordingly called potassiumferrocyanide. It is better

known under the old name yellow prussiate of potash.

The ferrocyanides exhibit the reactions of cyanidion just as little

as they do those of iron
;
more especially, they are not poisonous,

whereas cyanidion is so in a high degree. This is a further proof
that the constituents of this salt do not exist side by side, as in the

case of ordinary double salts, but have united to form a new anion,

Fe(CN)4"".

If concentrated hydrochloric acid is added to a concentrated solution

of the potassium salt, a white, generally somewhat bluish-coloured

crystalline precipitate is deposited of the composition H4Fe(CN)6 ,
which

is therefore hydroferrocyanic acid. This readily dissolves in water, yield-

ing a strongly acid liquid, which is, however, not very stable, but under-

goes a complex decomposition, with deposition of a blue precipitate.
The hydroferrocyanic acid unites with all bases to form the corre-

sponding salts, of which those of the alkali metals are readily soluble ;

those of the alkaline earth metals are, some of them, rather sparingly

soluble, and those of the heavy metals are practically insoluble. The
latter mostly exhibit conspicuous colours, and serve therefore for the

detection of some of the metals.

If a solution of potassium ferrocyanide is added to a solution con-

taining diferrion, a white precipitate is formed which is the ferrous

salt of hydroferrocyanic acid, Fe2Fe(CN)6
. For this precipitate the

same holds good as was stated for ferrous hydroxide (p. 599). It can

be obtained white only when oxygen is excluded, and it is coloured

blue by the smallest amount of free oxgyen or of an oxidising agent,
the ferric compound being formed which will be described presently.
This precipitate is therefore used to prove the absence of free oxygen,

e.g. in gases, and for this purpose it forms one of the most delicate tests.

It is to be noticed that the two portions of iron in this compound
vary in their behaviour. Whereas two-thirds of it has entered the

compound as diferrion, and behaves accordingly, the last third reacts

differently. If, for example, caustic potash is poured over the white

precipitate, the latter is decomposed ; ferrous hydroxide is deposited,
and potassium ferrocyanide remains in the solution. Two-thirds of

the iron, therefore, passes into the precipitate, the last third passes into

solution
;
the solution of potassium ferrocyanide is not affected by the

caustic potash.
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If the ferrocyanidion is brought together with triferrion, the ferric

salt of hydroferrocyanic acid is formed. Since triferrion is tervalent

and ferrocyanidion is quadrivalent, the normal salt requires four com-

bining weights of triferrion to three combining weights of ferrocyanidion,
and the formula of the salt is Fe4[Fe(CN)6]3 ,

or in sum Fe
7(CN)18

. The

compound is of a deep blue colour, the colour being recognisable even

in very small quantity, so that it forms a very sensitive reaction for

triferrion. The compound is manufactured on account of its fine

colour, and is placed on the market under the name of Prussian blue.

In using it, it must be noted that although it is not acted on by acids,

it is decolorised and decomposed by bases.

This decomposition by bases depends on processes which are per-

fectly similar to those above described. On treating the ferric ferro-

cyanide, as this salt must be called, with caustic potash, potassium

ferrocyanide is again formed, and ferric hydroxide is precipitated :

Fe4[Fe(CN)6]3 + 12KOH = 3K4Fe(CN)6 + 4Fe(OH)3 . Here again the

two portions of iron in the compound behave differently.

Similar processes are made use of in the preparation of potassium

ferrocyanide on the large scale. In the gas-works the sulphuretted

hydrogen is removed from the impure coal-gas by passing it over a

mixture of lime and ferrous sulphate (Laming's mixture) ;
the sul-

phuretted hydrogen thereby forms iron sulphide. At the same time,

ammonium cyanide is present in small amount in the crude gas, and
this is converted by the purifier into calcium cyanide and calcium ferro-

cyanide. This salt is extracted with water, if necessary with the addi-

tion of lime, and converted into the potassium salt bymeans of potassium
chloride and potassium carbonate. The iron sulphide is again converted

into ferrous sulphate by spontaneous oxidation in the air, and on the

addition of lime, the purifier is again fit for use, or is
"
regenerated."

The method of detecting small quantities of hydrocyanic acid

mentioned on p. 444, depends on the reactions just described. To
the solution is added excess of caustic potash or soda, in order to form
an alkali cyanide, and an iron salt is then added

; potassium ferro-

cyanide is thereby formed (p. 609). The iron salt must be in excess. If

the liquid is now acidified, the ferrocyanidion reacts with the triferrion,

which passes into solution, and Prussian blue is precipitated. If the

amount of cyanide is very small, the Prussian blue remains in colloidal

form in solution, and a clear blue liquid is obtained.

While ferrocyanidion is very stable in the cold, it decomposes at

a red heat, and is converted into simpler compounds. Potassium

ferrocyanide blackens on being fused, nitrogen is evolved, iron carbide

separates out, and the fused mass consists essentially of potassium

cyanide : K4Fe(CN)6
= 4KCN + FeC2 + N2 . This was formerly the

method of preparing potassium cyanide, but a third of the cyanogen
is thereby lost. In order to avoid this, the carefully dried potassium

ferrocyanide is now fused with sodium. Iron is then deposited, and a
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mixture of potassium and sodium cyanide is obtained ;
for most purposes

this is just as suitable as the pure potassium cyanide, because in its

applications it is the cyanidion and not the kalion which is of importance.
The reaction is represented by the equation K4Fe(CN)6 + 2Na = 4KCN +
2NaCN + Fe. The readily fusible melt can be much more readily

poured off from the deposited iron than the potassium cyanide could,

in the old method, from the iron carbide.

Under the influence of acids also hydroferrocyanic acid decomposes
at a gentle heat. When potassium ferrocyanide is distilled with dilute

sulphuric acid, hydrogen cyanide passes over, while about half of the

cyanogen remains behind in the form of a bright blue compound which

is closely related to ferrous ferrocyanide (p. 610). The decomposition is

too complicated to be represented by a single equation. At the present

day, when nearly pure potassium cyanide can be readily obtained, it

is more simple to decompose this with dilute acids when it is desired

to prepare hydrocyanic acid.

602. Ferricyanide Compounds. If the solution of potassium

ferrocyanide is treated with oxidising agents, it becomes of a dark

brown-green colour, and on concentrating the solution a red-coloured

anhydrous salt crystallises out. This has the composition K3Fe(CN)6 ,

and readily dissolves in water with an intense yellow colour. The

solution, however, decomposes rather quickly, although the dry salt

is stable.

If chlorine be used as the oxidising agent, the reaction can be written

thus: 2K4Fe(CN)6 + Cl2
= 2K3Fe(CN)6 + 2KCl, or if the participating

ions only are written, 2Fe(CN) 6

"" + Cl2
= 2Fe(CN)6

'" + 2Cl'.

As can be seen from the above formulae, the anion of the new salt

has the same composition as that of the old one, viz. Fe(CN)6 ,
and the

difference consists only in the fact that the new anion is tervalent while

the old one is quadrivalent. The difference is therefore quite similar

to that between diferrion and triferrion, which also have the same

composition and differ from one another in the charge of their ions.

Since an increase in the positive charge is equivalent to a decrease of

the negative, the following ions correspond to one another :

Diferrion Fo" and Ferrocyanidion Fe(CN) 6

////
.

Triferrion Fe'" and Ferricyanidion Fe(CN)6

' //
.

This correspondence is also given expression to in the names.
The general properties of the ferricyanides are similar to those of

the ferrocyanides. In these compounds, also, neither the reactions of

triferrion nor those of cyanidion can be detected. A difference, how-

ever, is shown in the reactions with iron salts.

If diferrion and ferricyanidion come together, a blue precipitate is

formed which is very similar to Prussian blue, but has a somewhat
different composition. For the salt which is formed, ferrous fern-

cyanide, has the composition Fe3[Fe(CN)6]2 ,
or in sum Fe

5(CN)12 . It
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contains, therefore, 2-40 combining weights of cyanogen to one of iron,

while Prussian blue contains 2-53 combining weights of cyanogen to one

of iron.

No precipitate is produced with ferric salts, but the liquid only
becomes somewhat darker in colour. Ferric ferricyanide is soluble in

water, and in the undissociated state is dark coloured.

By means of concentrated hydrochloric acid, hydroferricyanic

acid, H3Fe(CN)6 ,
can be liberated from the solution of its salts, and

can be obtained in brown needles which are readily decomposable and

very readily soluble in water.

The ferrous compound is decomposed by alkalis in the same way
as Prussian blue, for potassium ferrocyanide and ferric hydroxide are

formed, and not potassium ferricyanide and ferrous hydroxide, as one

would expect. This is due to the fact that the potassium ferricyanide

primarily formed is reduced by the ferrous hydroxide, which is a very

strong reducing agent, to the ferrous compound, the ferrous hydroxide

being converted into ferric hydroxide.
603. Other Complex Compounds. With many other substances

besides cyanogen, iron is capable of forming complex compounds which

contain compound ions in which iron is present, and therefore do not

give the reactions of iron, or do so only very incompletely. The descrip-
tion of most of these substances must be omitted here

; only a few of

them, which, for some special reason, chiefly analytical, are of import-

ance, can be mentioned here.

In the first place, there must be mentioned the compounds which

.are formed when nitric oxide or higher oxygen compounds of nitrogen
are brought together with ferrous salts. The latter compounds are

then reduced to nitric oxide, and this unites with the diferrion to form
the compound ion FeNO". This is, however, rather unstable, for it

undergoes decomposition even on boiling the solution, nitric oxide

escaping and diferrion being again formed. This behaviour is made
use of for the preparation of pure nitric oxide from mixed gases. On
it also analytical methods of detecting nitric oxide and the higher oxy-

compounds of nitrogen depend (p. 352).

Further, the complex iron anions can be formed by the compounds
of ferric hydroxide with organic (and also with some inorganic) sub-

stances containing hydroxyl, which were mentioned on p. 603. They
are recognised by the fact that their solutions are not precipitated by
alkalis.

604. Oxalates Of Iron. The oxalates of iron, which have from
all time been regarded as a chemical puzzle on account of the differences

of their colour from the ordinary colour of the ferrous and ferric com-

pounds, must also be reckoned among the complex compounds.
When free oxalic acid is added to a ferrous salt, a crystalline pre-

cipitate of ferrous oxalate, sparingly soluble in water, is deposited.
Unlike the other ferrous salts, this is not greenish but orange-coloured,
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like a ferric salt. It dissolves with a strong yellow-red colour in an

excess of potassium oxalate, and from this solution the salt K2Fe(C2 4)2

can be obtained in crystals. In the solution, therefore, a salt of the

complex ferro-oxalanion, Fe(C2 4)2",
is formed.

The solution of potassium ferro-oxalate, which is prepared at the

moment it is to be used by mixing solutions of ferrous sulphate and

normal potassium oxalate, is, on account of its powerful reducing

properties, used in photography for developing silver bromide plates.

Moist ferric hydroxide readily dissolves in oxalic acid to yield a

liquid which, unlike the other ferric salts, is coloured green. The
colour is, however, emerald green and not pale green, like that of the

ferrous salts. From the solution, badly crystallising ferric oxalate

can be obtained, which readily decomposes. If, however, another

oxalate is added, fine crystalline, green-coloured salts of the complex
ferri-oxalanion, Fe(C2 4)3

///

,
are obtained, e.g. K3Fe(C2 4)3 .

The solutions (also coloured green) of these salts possess in a high

degree the property of sensitiveness to light. In sunlight, a solution

of ferric oxalate almost instantaneously deposits a yellow precipitate
of ferrous oxalate, and carbon dioxide is evolved: Fe

2(C2 4)3
=

2Fe(C2 4) + 2C02 . The salts of ferri-oxalic acid behave in a similar

manner, being converted into the corresponding salts of ferro-oxalic

acid : 2K3Fe(C2 4)3
= 2K

2Fe(C2 4)2 + K2C2 4 + 2C02 . These phenomena
are made use of for the production of photographs, especially of platinum
pictures, a graded reduction being allowed to take place by exposure
under a

"
negative," and the potassium ferro-oxalate thus produced

being used for the reduction of platinum from a compound present.
The solution has also been used as a chemical photometer, i.e. an

apparatus for measuring the strength of the chemically active light.

Apart from other objections, the results are of little value, from the

fact that every sensitive substance has its particular range of light
waves which it absorbs and makes use of for chemical reactions. There

is, therefore, no such thing as a
"
chemical intensity of light

"
in the

absolute sense, and every chemical photometer indicates the strength
of only a definite range of rays of the light subjected to examination,
this range being dependent on the nature of the photometer.

605. Iron Carbonyls. Carbon monoxide combines with iron to

form very remarkable compounds. When reduced iron is heated with

carbon monoxide under pressure, a volatile liquid of a yellow colour

and having the formula Fe(CO)5
is formed. When exposed to light,

especially of short wave length, this compound passes into another

carbonyl, Fe
2(CO)9 ,

a substance which crystallises in orange-coloured

plates; and this compound, in turn, can give rise to dark-green
lustrous crystals of Fe(CO)4 . All these compounds, on being heated,

decompose into iron and carbon monoxide.

Appreciable amounts of the first compound are formed in iron pipes
which convey gas rich in carbon monoxide, especially when the con-
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duits are long and the carbon monoxide has, therefore, time to unite

with the iron. While for ordinary purposes these traces of iron in

the gas are of no importance, they have proved very inconvenient in

the application of such gas for incandescent light, as the iron oxide

which is produced in the combustion is deposited on the incandescent

mantles, and impairs their illuminating power.
A better - known example of such compounds will be described

under nickel.

606. Catalytic Actions of Iron. Both in the ionic state and
in numerous compounds, iron frequently exercises a very considerable

catalytic influence, especially on oxidation processes. To observe this

it is only necessary to mix dilute solutions of hydrogen peroxide and

hydrogen iodide, or better, potassium iodide plus acetic acid. A re-

action slowly occurs in which iodine is liberated and can be rendered

visible by means of starch. If quite a small amount of any ferrous

salt is added, the blue coloration occurs incomparably more quickly.
A similar accelerating action has been proved in the case of many
other reactions.

At the present time, no regularities of a more general nature are

known respecting these relations. It is of importance, however, to be

aware of them, since the physiological importance of iron probably

depends on them. The presence of iron has been detected both in

the red blood corpuscles and in the green colouring matter of the

assimilating plant cells (i.e. those which reduce carbon dioxide in light),

and although at the present time the laws of these relations cannot

be stated, nevertheless the fact above mentioned indicates an important
direction for investigation.

607. Thermochemistry of Iron. The heats of formation of the

most important compounds of iron are :

Diferrion Fe" 93 kj
Triferrion Fe'" 39
Ferrous hydroxide Fe(OH) 2 571
Ferric hydroxide Fe(OH)3 829
Ferrosoferric oxide Fe3O4 1107
Ferrous chloride FeCl2 343
Ferric chloride FeCl3 402
Ferrous sulphide (hydrated), FeS + H20, 100 kj.

608. Metallurgy of Iron. As metallic iron does not occur

native to any great extent, the very large quantities of this metal which

are used in the industries must be manufactured from its compounds.
For this purpose the oxygen compounds, which are reduced with char-

coal, are almost exclusively used.

This reduction is carried out chiefly in the blast-furnace, which is an

upright, elongated egg-shaped space enclosed by masonry ;
into this

alternate layers of iron ore and coal, along with the additions necessary
for the production of a readily fusible slag, are introduced from the
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top. In the lower part of the furnace there is a narrow cylindrical

space into which heated air is blown, and in which the fused iron

collects.

The changes which the ore undergoes in such a furnace are rather

varied. In the upper parts it is only heated, whereby water is elimin-

ated from hydrated ores, carbon dioxide from iron carbonate, and the

ores are converted into ferric oxide or ferrosoferric oxide. In the

lower, hotter parts of the furnace, this is reduced to metallic iron by
the carbon monoxide which is present in abundance. Since the tem-

perature is not nearly high enough to melt the iron, the reduced,

spongy metal sinks down along with the excess of charcoal to the lowest

part of the furnace, where the highest temperature is reached through
the combustion of the charcoal in the injected air. The iron here

combines with carbon and fuses together, forming cast-iron or crude

iron, and collects at the bottom of the furnace.

The iron is run off from time to time and formed into longish

blocks, or used for making castings. The slag which is formed
at the same time, and which is essentially a mixture of various

silicates, floats on the fused iron, and can continually run off through
an overflow.

The crude iron obtained in this way contains, besides about 4 per
cent of carbon, silicon, phosphorus, sulphur, and also manganese in

varying amounts. For the conversion of this into wrought-iron and

steel, not only must the amount of carbon be reduced, but the other

admixtures, which diminish the value of these other kinds of iron,

must be removed as far as possible.
For this purpose, several methods are employed, which differ from

one another, however, only in the technical details, but which all amount
to the same thing chemically, viz. the removal of the foreign substances

by oxidation. The chemical reactions are most readily intelligible in

the Bessemer process, which is at present chiefly used.

The iron is introduced in the fused state into a large pear-shaped
vessel, and heated air is blown through the molten mass. The im-

purities then burn more rapidly than the iron, and the products of

oxidation pass off in the gaseous state, or pass into the slag which is

simultaneously formed. While, in this manner, carbon, silicon, and

sulphur can be readily removed, the removal of the phosphorus was
not successful as long as there was used for the vessel a lining which
consisted essentially of clay. Not until this was replaced by a basic

lining consisting of lime or magnesia, whereby the phosphorus passes
into the slag as the corresponding phosphate, did it become possible to

obtain good wrought-iron or steel from crude iron rich in phosphorus.
The slag rich in phosphoric acid which is thereby formed, is used as an

important fertiliser in agriculture (p. 554), and is called Thomas slag,
after the inventor of the method.

The course of decarbonisation by the Bessemer process, which takes
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place in a very short time, can be controlled by spectroscopic observation

of the flame produced, and can be interrupted at the desired moment.

If 2 per cent of carbon is still left in the iron, steel is formed ;
if the

amount of carbon is reduced to 1 per cent, and less, a kind of wrought-
iron is obtained which is called ingot iron.



CHAPTER XXXI

MANGANESE

609. General. The element manganese is very closely related to

iron. It differs from it in being more readily oxidised, and in its higher

compounds being more readily formed than in the case of iron. For
the rest, the corresponding compounds of manganese and iron are very
similar to one another, and in many cases are isomorphous.

In nature, manganese occurs very widely distributed, but is much
less abundant than iron. It is found chiefly as manganese peroxide,
Mn02 ,

the many applications of which we have repeatedly noted.

In its chemical relations, manganese is characterised by the very

great diversity of its compounds. It forms not less than five oxida-

tion stages, the lower members of which form bases, the higher, acids.

There is, accordingly, a correspondingly large number of different

salts containing manganese. By reason of this it exhibits very diverse

relations of affinity and isomorphism ; whereas the lowest series of

compounds is allied to magnesium, the following ones exhibit isomorphic
relations with aluminium, titanium, sulphur, and chlorine.

The combining weight of manganese is Mn = 54-93.

610. Metallic Manganese. Pure manganese was formerly little

known. The metal fuses with still greater difficulty than iron, and,
like the latter, it unites at a high temperature with carbon, so that

the element obtained by the reduction of the oxygen compounds with
charcoal always contains a fair quantity of carbon. Manganese free

from carbon can now be readily obtained by reduction with aluminium,

according to the method of Goldschmidt, and manganese is thus found
to be a reddish-grey, lustrous metal which is harder than iron and

keeps very well in the air, whereas the carbonised metal which was

formerly known oxidised very rapidly. It is very readily dissolved

by acids, and in this respect probably takes the first place among the

heavy metals
;

even in dilute acetic acid it evolves hydrogen with

great vigour. On solution, the corresponding manganous salt is formed.

Manganese is not used in the free state, but is employed in large

quantities as an addition to iron. White crude iron (p. 594) generally
618
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contains larger or smaller amounts of it. Such an iron is especially

suitable for being treated by the Bessemer process, as the great heat

of oxidation of manganese facilitates the maintenance of the requisite

high temperature.
611. Dimanganion. The first series of compounds which man-

ganese forms, is derived from the bivalent ion Mn", which, in many
respects, has a great similarity to magnesion. Dimanganion has a pale
reddish colour, no special physiological action, and its heat of forma-

tion is 210 kj.

612. Manganous Hydroxide, Mn(OH)2 ,
is obtained as a reddish-

white precipitate when a solution of a manganous salt is precipitated
with alkalis. In the air, this precipitate rapidly becomes brown, there-

by passing into manganic hydroxide, Mn(OH)3 . It is not dissolved

by excess of alkalis, but is so by ammonium salts. The reason is exactly
the same as in the case of magnesium hydroxide (p. 563) ;

the degree
of solubility, also, is about the same. The ammoniacal solution, how-

ever, behaves differently in so far as it rapidly becomes brown and turbid

in the air. This is due to the absorption of oxygen, whereby manganic

hydroxide is formed, which is much too weak a base to be soluble in

ammonium salts.

By heating the carbonate or by precipitating hot, the anhydride,

manganous oxide, MnO, is obtained in the form of a greenish powder.
Of the manganous salts, the chloride, MnCl2 , may in the first place

be mentioned. It is obtained in the impure state as a residue in the

preparation of chlorine from manganese peroxide or pyrolusite (p. 194).

It is a pale reddish, easily soluble salt, which crystallises with 4H20.

613. Manganous Sulphate, MnS04 , crystallises generally in hard,

reddish crystals with 4H2 ;
besides this, it can crystallise with 7H2

in the forms of ferrous sulphate, with 5H2
in the forms of copper sul-

phate, etc. With the alkali sulphates, also, it forms monoclinic double

salts of the type K2S04 . MnS04 . 6H20.

614. Manganous Carbonate, MnC03 ,
can be obtained as a reddish

precipitate, by precipitating manganous salts with carbonates ;
it

oxidises in the air, but much less rapidly than the hydroxide. In

nature the carbonate is found as manganese spar ;
this occurs in

rhombohedra, which are isomorphous with those of calc-spar.

615. Manganous Sulphide, MnS, is the most soluble of the sulphur

compounds of the heavy metals which are formed in aqueous solution.

It is decomposed even by acetic acid, and can, therefore, not be pre-

cipitated from solutions of manganous salts with sulphuretted hydrogen,
but only with alkali sulphides. If the precipitation is carried out in

the cold, a slimy, flesh-coloured precipitate (the only sulphur compound
of this colour) is obtained

;
from moderately concentrated solutions

in the heat, anhydrous manganous sulphide is sometimes precipitated,
under conditions which are not yet exactly known, as a grey-green

powder. In the air the sulphur compound oxidises very rapidly, so
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that it must be washed with a solution of ammonium sulphide when
use is made of it for the precipitation of manganese in analysis.

616. Manganous Borate is obtained by the precipitation of a

manganous salt with borax, and is placed on the market in the form of

a brown powder. It is used in large quantities for the preparation of

varnish. This is due to its catalytic properties. There are certain

vegetable oils, e.g. linseed oil, which oxidise in the air to resinous masses.

With the crude oils, this oxidation takes place only slowly ; if, how-

ever, the oil is heated and a small quantity (less than 1 per cent) of

manganous borate is added, the absorption of oxygen is greatly acceler-

ated catalytically, and a rapidly drying oil or a varnish is obtained.

Further, dimanganion has the property of very greatly increasing the

action of certain organic catalysts which accelerate oxidation, the
"
oxidases." The soluble manganous salts are distinguished from the

ferrous salts by the fact that they do not oxidise in the air in acid

.solution.

617. Manganic Compounds. The compounds of tervalent man-

ganese or the manganic compounds, are formed from the manganous
compounds by oxidation. Even in the case of iron a considerable

diminution of the basic properties accompanied the corresponding

transformation, a fact which found expression in the incipient hydro-

lysis of the salts
;

in the case of manganese, however, the difference is

much greater. The hydrolysis of the manganic compounds in aqueous
.solution is so great that such compounds are quite unstable, and rapidly

decompose with separation of manganic hydroxide, Mn(OH)3 .

For this reason, very little is known regarding the properties of

the ion Mn'". Its colour appears to be violet-red, and the dark-brown
colour of some solutions of manganic salts is the result of hydrolysis,
since the manganic hydroxide is dark brown in colour.

The normal hydroxide does not occur in nature, but various anhy-
drides of it do. The partial anhydride MnO(OH) is called manganite ;

manganese sesquioxide, or the complete anhydride, Mn2 3 ,
is called

braunite, and Mn3 4 hausmannite.

In the solid state, some of the manganic salts are known as well-

defined compounds. The sulphate is obtained by warming manganese
peroxide with concentrated sulphuric acid until it has dissolved to a

dark-coloured liquid, and then washing the paste of sulphate, which is

formed even in the heat, free from sulphuric acid by means of nitric

acid. It is a dark-green powder, which dissolves in water with a violet-

red colour, which very speedily changes to brown, manganic hydroxide

being deposited. Manganic chloride, MnCl3 ,
is also formed, temporarily,

when manganic hydroxide is dissolved in cold concentrated hydro-
chloric acid, and on dilution with water behaves like the sulphate.

Those manganic salts, however, which are not ionised to any great

extent, undergo only a slight hydrolysis, as was to be foreseen accord-

ing to the theory of hydrolysis. To these there belongs, in the first
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instance, the fluoride, MnF3 ,
which can be prepared by dissolving

manganic hydroxide in aqueous hydrofluoric acid, and which can be

obtained in dark-red crystals. This forms double salts with the alkali

fluorides, of the type K2F2 . MnF3 . 2H20.

Finally, the phosphate, MnP04 , appears to be a slightly dissociated

salt. It dissolves in excess of phosphoric acid to a red-violet liquid,

which is stable even at the temperature of boiling.

618. Manganese Peroxide. Quadrivalent manganese forms the

hydroxide Mn(OH)4 ,
the anhydride of which is the oft-mentioned

manganese peroxide, Mn02
. Since even in the case of tervalent man-

ganese the basic properties had practically disappeared, it is natural

that quadrivalent manganese is no longer capable of forming salts like

a base. On the other hand, the acid properties which are present in

a pronounced manner in the higher stages of the manganese compounds
begin to be indicated here.

Manganese peroxide occurs fairly abundantly in nature as pyrolusite,
and is the most important of all the naturally occurring compounds of

manganese. It occurs in grey-black crystals, the powder of which is

black (not brown).
The hydroxide, Mn(OH)4 ,

is obtained by subjecting manganous
salts to strong oxidising actions in neutral or alkaline liquids. As

oxidising agent there can be used chlorine, bromine, or a hypochlorite.
The hydroxide is dark brown in colour, and amorphous, and passes

readily into the colloidal state. By moderate dehydration, the inter-

mediate anhydride, MnO(OH)2 ,
which has the same appearance, is

obtained.

If the hydroxide is treated with cold, concentrated hydrochloric

acid, it dissolves with a dark brown-green colour
;

if the solution is

immediately diluted with a large quantity of water, the hydroxide is

again deposited. This is due to the formation of a tetrachloride,

MnCl4 ,
which is hydrolysed by much water. If the solution is

warmed, it becomes colourless and evolves chlorine
; manganous

chloride remains in the residue. The reaction for the preparation
of chlorine given on p. 194 takes place, therefore, in two stages,

tetrachloride being first formed and then decomposing into chlorine

and dichloride. The equations are, Mn02 + 4HC1= MnCl4 + 2H20,

The manganese perhydroxide prepared as described above generally

yields too little oxygen on analysis. This is due to the fact that the

compound, MnO(OH)2 or H2Mn03 ,
can act like an acid, corresponding

to carbonic acid or sulphurous acid, and form salts. If the manganese

peroxide is formed in presence of a base, all the manganese passes
into this compound ;

in the absence, however, of another base, part of

the manganese in the bivalent state is incorporated in the precipitate,

the manganous salt of the above acid, manganous acid, the formula of

which is Mn . Mn03 equal to Mn2 3 , being formed. If, however, a-
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base is present, e.g. lime, calcium manganite is formed, and all the man-

ganese passes into the quadrivalent state.

This reaction is made use of for the regeneration of the manganese
liquors in the manufacture of chlorine from hydrochloric acid and

pyrolusite. The requisite amount of lime is added to the liquors in

order to convert the manganous chloride into manganous hydroxide,
and still one combining weight of lime more. If air is blown through
this mixture, oxidation takes place rapidly and readily, and calcium

manganite, CaMn03 ,
is deposited as a black precipitate, known as

Weldon mud. This again yields chlorine with hydrochloric acid, but
half as much hydrochloric acid more is required, as can be seen from
the equation CaMn03 + 6HC1= CaCl2 + MnCl2 + C12 .

At the present day this method is being more and more given up
as the electrolysis of the alkali chlorides yields more chlorine than can

be made use of in the arts.

Besides being used for the preparation of chlorine, manganese
peroxide is employed in pottery works for the production of brown and
violet colours.. Melts to which manganese peroxide has been added
are coloured violet ;

if iron is present at the same time, a dark-brown
colour is produced.

Manganese peroxide is also employed in the manufacture of glass,
for the purpose of removing the greenish coloration which the glass
assumes owing to the presence of ferrous compounds (p. 560). The
action is probably due to an oxidation of the ferrous to the ferric com-

pound, the yellow colour of which is much feebler. Besides this, the

yellow colour of the ferric glass is counteracted by the violet colour of

the manganese salt, and an imperceptible neutral tint is produced.
Glass which has been decolorised with manganese exhibits the

remarkable property that it slowly becomes red-violet in colour when

exposed to light. This colour passes through the whole mass of the

glass, but is absent from those parts where the light was weakened, as,

for example, behind letters fixed on shop windows. This phenomenon
is a proof that in spite of the apparently solid nature of the glass,
chemical processes can occur in the interior of the mass, as in a liquid
which is not in equilibrium.

Manganese peroxide is also used for making galvanic cells, since

it conducts the electric current, and as a cathode gives a fairly high
potential with zinc as anode. The processes taking place in galvanic
cells will be discussed in detail at a later point in connection with a

simpler case (Chap. XXXV.) ;
at this point it will be sufficient to state

that such cells are generally formed of an oxidising agent and a re-

ducing agent, separated from each other by an intermediate conductor,

generally a salt solution, and where necessary, a porous partition.
On making the proper connection, an electric current is produced
whereby the reducing agent is oxidised at the expense of the oxidising

agent ;
the chemical energy which thereby becomes free yields the



XXXI MANGANESE 623

work necessary for the electric current. In the above cell composed
of manganese peroxide and zinc, the manganese peroxide is the oxidis-

ing and zinc the reducing agent. Both these are immersed in a solution

of sal ammoniac, and when the circuit is closed the zinc dissolves and
the manganese peroxide is reduced to manganous oxide.

Such a cell can be easily made as follows. A mixture of pyrolusite
and coke (for the sake of the conduction) is placed at the bottom of a

tumbler, a rod of hard conducting charcoal is introduced into this,

and the glass filled with a solution of ammonium chloride
;

a zinc rod
is suspended in the upper part of the liquid in such a way that it does

not touch the manganese peroxide and the charcoal (Fig. 121). On
uniting the zinc and the charcoal by means of a conductor, an electric

current passes through the latter. Such a cell (Leclanche cell) lasts

for a long time if only small, inter-

mittent currents are taken from it, as,

e.g., for electric bells
;

for strong, con-

tinuous currents it is useless, because

the necessary chemical reactions do not

occur sufficiently rapidly, and the cell

therefore quickly loses its electro-

motive force when much used. It re-

covers its electromotive force on resting.

On ignition, manganese peroxide
loses oxygen, and is converted into

manganoso - manganic oxide, Mn3 4 ,

corresponding to ferrosoferric oxide.

The reaction is 3Mn02
= Mn3 4 + 2

.

This was formerly the method by
which oxygen was prepared in the pure state, and it has therefore a

certain historical importance.
The same manganoso-manganic oxide, although not of exactly con-

stant composition, is formed when any of the other oxides of manganese
or manganese carbonate is ignited in the air, and this form is therefore

used for weighing manganese in analytical separations. As has been

mentioned, however, the composition is not quite constant
;

this

depends more especially on the temperature, the amount of oxygen

decreasing somewhat as the temperature rises.

619. Mangananion and Permangananion.---Although com-

pounds of a quinquevalent manganese are not known, manganic acid,

H
2Mn04 ,

can be regarded as a partial anhydride of the hydroxide of

sexavalent manganese, for Mn(OH)6
-2H2

=Mn02(OH) 2
=H2Mn04 .

This interpretation, however, is in the first instance only a formal one,

for neither is the hexahydroxide itself nor compounds directly corre-

sponding to it known. It will be found, however, that this inter-

pretation is a convenient one in discussing the oxidation and reduction

processes of the manganese compounds.

FIG. 121.
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Free manganic acid is not known
;

it is no more possible to prepare
it pure than it is to prepare thiosulphuric acid, for its anion cannot

exist along with hydrion in solution without at once undergoing trans-

formation. It is known only in its salts, which are stable in alkaline

solutions, but in neutral or acid solutions are immediately converted

into permangananion. The analysis of the salts, and, more directly,

the pronounced isomorphism of these with the sulphates, lead to the

formula Mn04
"
for the anion, and H2

Mn04 for the acid.

The salts of manganic acid, or the manganates, are very readily
formed by heating any manganese compound with strong bases or with

carbonates. If potassium or sodium carbonate (or better, a mixture

of these) is heated to fusion and a trace of manganese in any form

added to it, the latter dissolves with absorption of oxygen from the

air, and imparts a fine dark-green colour to the melt. On cooling,

the mass appears almost black when a fair amount of manganese is

present, and greenish-blue when only very little is taken. The reaction

is so sensitive that it can be used for the detection of manganese. In

crude potashes, patches of a blue-green colour are frequently found,

due to accidental traces of manganese, which on heating have been

converted into manganate.
In order to prepare potassium manganate, a mixture of pyrolusite

and caustic potash is heated in the air
; oxygen is thereby absorbed,

and a black mass of potassium manganate is formed. When this is

dissolved in water a dark-green, almost opaque solution is given even

with very small amounts.

The isomorphism of manganese with sulphur is seen when potassium

sulphate is added to the above solution, and this allowed to crystallise.

The crystals of potassium sulphate are obtained, coloured in all tints

of bright and dark green.
The solution of the crude potassium manganate remains unchanged

when it contains a large amount of potash. On adding any acid, the

solution acquires a fine red colour, and then contains another compound,
which is derived from septavalent manganese. The same colour-change
occurs on allowing the dilute solution to stand in the air

;
the above

change is then effected by the carbon dioxide of the air. In passing
from green to red, the solution passes through a number of intermediate

violet and blue colours, and this change of colour has procured for the

substance the name "
mineral chameleon."

On adding a fairly large excess of ordinary caustic potash to the

solution after it has become red, the colour again changes fairly rapidly
to green.

When the red-coloured liquid is evaporated, a salt crystallises out

in almost black crystals with a metallic lustre, the composition of which

is represented by the formula KMn04 . Apparently, therefore, it con-

tains the same ions as potassium manganate, only in different propor-

tions, there being, in the present case, only one combining weight of
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potassium to one of the ion Mn04', instead of two as in the case of the

manganates. This, however, furnishes the essential distinction between
the two compounds, a distinction which is similar to that between

ferrocyanide and ferricyanide. The ions of potassium manganate
are 2K' and Mn04

"
;

those of the red salt, which is called potassium

permanganate, K' and Mn04'. Whereas, therefore, the former ion,

Mn04", is similar to that of - bivalent sulphanion, the composition of

the latter, Mn04', is such as to make it more comparable with that of

the univalent perchloranion C104'. As a matter of fact, the two are

isomorphous, and if potassium perchlorate is allowed to crystallise in

presence of some potassium permanganate, mixed crystals are obtained

varying from bright to dark red in colour
;
this can be seen with especial

ease and distinctness under the microscope.

Permanganic acid can be regarded as a partial anhydride of septa-
valent manganese for Mn(OH) 7

-3H2
=HMn04 . In agreement with

what was set forth on p. 373 permanganic acid has, accordingly, to

be regarded as a higher stage of oxidation of manganese than manganic
acid, and must therefore be formed from the latter by means of oxidis-

ing agents. As a matter of fact, the transformation takes place most

smoothly when chlorine is passed into the solution of the manganate, for

the following reaction then takes place : 2K2Mn04 + C12
= 2KMn04 +

2KC1. The equation of the ions is, 2Mn04
" + C12

- 2Mn04
/ + 2C1'.

The reaction therefore consists in the transfer of one negative charge
from Mn04

"
to the chlorine.

In the transformation of the manganates into permanganates in

acid solution, a portion of the mangananion acts as an oxidising agent,
the manganic acid being reduced to manganese peroxide.

The reaction may, for example, be written : SKgMnC^ + 4HN03
=

2KMn04 + 4KN03 + Mn02 + 2H
20. It is, however, more instruc-

tive to write it so as to show only the reacting ions. We then have

3Mn04
"
+ 4H' = 2Mn04

' + Mn02 + 2H20. This shows that hydrion is

used up in the process, and this explains why it takes place in acid

solution.

That the reverse transformation from permangananion to mangan-
anion takes place in alkaline solution is to be attributed, on the one

hand, to the consumption of hydroxidion, which, of course, takes place
more easily in solution containing a large quantity of hydroxyl. The

reducing action which is at the same time necessary is probably exer-

cised by organic substances, which are generally present dissolved

in the caustic potash. Whether, in accordance with the equation
2Mn04

'

+ Mn02 + 40H' = 3Mn04
"
+ 2H20, permangananion along with

manganese peroxide can change into mangananion with consumption
of hydroxyl, has not yet been sufficiently investigated.

In contradistinction to manganic acid, permanganic acid is very
stable in acid solution. An aqueous solution of permanganic acid

can be obtained by decomposing the barium salt in dilute solution with

2S
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sulphuric acid. A red solution is thus obtained which looks like that

of any permanganate whatever, and which conducts electricity like an

equivalent solution of hydrochloric acid. Permanganic acid is there-

fore a strong acid, whose aqueous solutions are largely dissociated even

at a moderate dilution.

Of the salts of permanganic acid, the most important is the potassium
salt already mentioned, as it is not very readily soluble and crystallises

well, and can therefore easily be prepared pure. It is manufactured

on the large scale, and in recent times to a large extent by electrolytic

oxidation.

Pure permanganic acid, HMn04 ,
is not known, but its anhydride,

MngOf, is. It is obtained as a brown-green, oily liquid, which separates
out in drops by carefully adding concentrated sulphuric acid to dry

potassium permanganate ;
it is very volatile. Even at the ordinary

temperature it is converted into a red-violet, readily decomposable

vapour which, on slight provocation, decomposes with explosion into

oxygen and manganese peroxide, the latter floating around in brown,
cobweb-like flakes.

The permanganates are very powerful oxidising agents, and are used

as such. Fairly large quantities are used in the chemical industry,

especially for the oxidation of organic substances. To the same

property is due its application for purposes of disinfection, treatment

of wounds, etc.

The mode of action of permangananion in oxidation varies accord-

ing as it is employed in acid or in alkaline solution. In the former

case a manganous salt is formed, in the latter manganese peroxide.
Since the latter is a higher stage of oxidation than dimanganion, the

oxidation action is more fully taken advantage of in the former case

than in the latter.

The oxidising action is so powerful that almost all organic sub-

stances are attacked by permanganate. The hydrated manganese
peroxide which is thereby formed separates out on the substances and

colours them dark brown. On account, therefore, of the resulting de-

composition, solutions of permanganates must not be filtered through

paper nor kept in contact with indiarubber, cork, or such substances.

The brown coloration can be readily removed by means of sul-

phurous acid
;
soluble manganous sulphate is thereby formed : Mn09 +

The same reaction also takes place even in the absence of water
;

it is therefore made use of in order to remove sulphur dioxide from

gas mixtures.

The solutions of the permanganates can all be readily identified by
their fine red-violet colour. On examining the transmitted light by
means of the prism, five fairly sharp absorption bands are seen lying

1 In part, also, manganese clithionate is formed : Mn02 + 2S02
= MnS2 6 (cp. p. 326) ;

the latter is formed chiefly when crystalline peroxide is used and at a low temperature.
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between the yellow and the green. With equivalent solutions, these

bands have exactly the same position and character for all perman-
.ganates ; they are shown also in exactly the same way by free per-

manganic acid. This proves that we are dealing here with a definite

property of permangananion, Mn04', which remains independent of the

other ion present at the same time in the solution. Since these bands
can be measured with great exactness, it has been possible in this case

to prove the identity with great strictness.

Potassium permanganate is employed in analytical chemistry. For
.since its solutions are so strongly coloured that even very small quantities
can be recognised, a method for the volumetric determination of reduc-

ing agents has been based on the fact that, on oxidising with perman-
ganate, the red colour disappears so long as reducing substance is still

present. So soon as this has been used up, even a very slight excess of

permanganate can be recognised by the permanence of the red

coloration.

This method is chiefly used for the determination of iron, since in

acid solution this is immediately converted, even in the cold, from
diferrion to triferrion. Since the manganese in passing from perman-
gananion to dimanganion sinks from the septavalent to the bivalent

.stage, five oxidation units are available. With these, five combining

weights of diferrion can be oxidised to triferrion, since for each com-

bining weight only one unit is necessary. If the liquid is imagined
acidified with sulphuric acid, the equation, when written in the usual

manner, runs : 10FeS04 + 2KMn04 + 8H2
S04

= 5Fe2(S04)3 + K2
S04 +

2MnS04 + 8H20. Omitting the non-essential ions, we obtain the much
more simple equation : 5Fe" + Mn04

'

+ 8H' = Fe'" + Mn" + 4H20.

The determination is performed by . placing the solution of per-

manganate in a burette furnished with a glass stop-cock and allowing
it to run into the solution of the ferrous salt. Since the method depends
on the oxidation of diferrion to triferrion, all the iron which it is desired

to determine must be present as diferrion. In order to obtain this,

or, as the case may be, to make sure of this, the acid liquid is treated

with metallic zinc, whereby any triferrion which may be present is

converted into diferrion, a corresponding amount of zinc passing into

solution : 2Fe'" + Zn = 2Fe" + Zn". The permanganate is then allowed

to flow into the solution until the last drop gives a pink coloration to

the liquid. The liquid must be maintained fairly strongly acid, as a

large amount of hydrion is used up in the reaction. Hydrochloric

acid, however, must not be used, since this is partially oxidised to

chlorine, and too much permanganate is therefore required.
It is only in the presence of triferrion that this oxidation of hydro-

chloric acid takes place in sufficient amount to cause an error in the

analysis. If no iron is present, it is possible even to warm dilute solu-

tions of the two substances without appreciable action occurring.
We are therefore dealing here with a case of catalytic influence. The
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presence of dimanganion greatly retards the oxidation of hydrochloric
acid by permanganate ; if, therefore, for other reasons, iron must be

titrated with permanganate in hydrochloric acid solution, it is necessary

previously to add an abundance of manganous sulphate.

Besides being used for the determination of iron, permanganate is

chiefly employed for the titration of oxalic acid and nitrous acid. The

former thereby passes into carbon dioxide, and we have the equation
5C2 4

" + 2Mn04
' + 16H' = 10C02 + 2Mn" + 8H2

0. In this equation,
C2 4

"
is the ion of oxalic acid. If it is desired to write the equation

with respect to undissociated oxalic acid, it is only necessary to unite

the corresponding 10H' with the 5C2 4", and we obtain 5C2 4H2 +
2Mn04

' + 6H' = 10C02 + 2Mn" + 8H20. In the actual state of affairs,

this other method of writing the reaction makes no difference.

This method is used not so much for the determination of oxalic

acid (which can be more conveniently determined by means of baryta)
as for the estimation of oxalates, e.g. calcium oxalate. On account

of the great sensitiveness of the reaction, much smaller quantities of

calcium oxalate can be determined with permanganate than by weigh-

ing ;
and the method is, therefore, employed where as accurate a deter-

mination as possible of very small quantities has to be made.

The volumetric determination of nitrous acid is also carried out in

acid solution, and takes place in accordance with the equation 2Mn04
' +

5N02

' + 6H* = 2Mn" + 5N03
'

+ 3H2
0. The reaction does not take place

instantaneously, and, of course, occurs all the more slowly as the con-

centration of the nitrous acid decreases during the reaction.

Finally, the use of permanganate for the determination of man-

ganese itself in the form of dimanganion, must be mentioned. When
the two ions meet in feebly acid solution, they undergo double decom-

position to manganese peroxide, which is deposited as a brown precipi-
tate. If the precipitation is carried out in the heat, the precipitate
settles sufficiently quickly, so that the supernatant liquid at once

becomes clear, and it can be seen whether it is coloured pink by excess

of permanganate. We obtain the equation of the reaction if we con-

sider that all the manganese is converted into the quadrivalent form.

Each combining weight of dimanganion must therefore take up two

units, while the septavalent manganese of permangananion can give

up three units. Two molecules of permangananion, therefore, react

with three molecules of dimanganion, and we have 3Mn" + 2Mn04

'

+

Hydroxyl is therefore used up in the reaction, and the liquid would
become acid if we started with a neutral solution. In strongly acid

solution the reaction does not occur. Further, pure manganese peroxide
is formed only when a base is present which can combine with it to

form a manganite (p. 622). All these conditions are fulfilled if the

precipitation is carried out in presence of an excess of zinc oxide.

620. General Remarks on Oxidising and Reducing Agents.
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All oxidising agents can (in the presence of water) be formally regarded
as hydroxyl compounds, and all reducing agents as hydrogen compounds
of the particular elements. The formulae of these hydroxides and

hydrides are chosen such that they are obtained by the addition of the

elements of water to the various substances. In the case of manganese,
for example, we have :

Manganous series Mn(OH)2 bivalent

Manganic series Mn(OH)3 tervalent

Manganese peroxide Mn02 + 2H20=:Mn(OH)4 quadrivalent
Manganate series H2Mn04 + 2H2

=Mn(OH)6 sexavalent

Permanganate series HMn04 + 3H2
= Mn(OH)7 septavalent.

As an example of a series of reducing agents, we choose the com-

pounds of sulphur. Taking sulphuric acid, the hydrogen compound of

S04 ,
as the initial substance, we have the following formulae :

Sulphuric acid S04 .H2

Sulphurous acid HoS03 +H2
=S04 .H4

Sulphur
"

S + 4H2
= S04 .H8

'

Sulphuretted hydrogen H2S + 4H2
=S04 .Hlo .

In order, therefore, to oxidise sulphuretted hydrogen, for example,
to sulphuric acid, 10 - 2 = 8 oxidation units must be taken up. If

this oxidation is to be carried out in acid solution with permanganate,

whereby dimanganion is formed, there are, for each molecule of per-

manganate, 7-2 = 5 oxidation units available, and since 8 and 5

have no common factor, 5 parts of sulphuretted hydrogen must be used

to 8 parts of permanganate.
In order to complete the equation, we must consider that the cations

produced, viz. 8 molecules kalion and 8 molecules dimanganion, require

together 24 equivalents of anion, of which 5 S yield only 10 as S04".

Other 14 equivalents of some acid must therefore be added, e.g. 7H2S04 .

We therefore obtain the equation 5H2S +8KMn04 + 7H^S04
= 8MnS04 +

4K
2
S04 + 12H20, or, leaving out the ions which remain unchanged,

5H2S + 8Mn04
' + 14H* = 5S04

"
+ 8Mn" + 12H20.

An important point is with regard to the alteration of the acid or

basic condition of the reaction mixture in the process, for in general
such a change takes place in oxidations, and we have to ask how this

is to be calculated. The answer is practically contained in the above

examples, still it may be useful to describe the method in detail. It

it as follows : Making use only of the elements of water besides the

reacting substances, one examines whether, after writing the equation
obtained from the consideration of the oxidation values, excess of acid

or excess of hydroxide appears on the right-hand side. If from this

point of view we write the equation for the oxidation of sulphuretted

hydrogen with permanganate, we obtain

5H2S + 8KMn04 + 2H2
= 41^804 + MnS04 + 7Mn(OH)2.
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Besides the neutral salts, therefore, 7Mn(OH)2 are formed, i.e. 14

equivalents of hydroxyl remain unsaturated, and as many equivalents
of an acid must therefore be added in order that the same acid or basic

condition may be produced as before the reaction.

The calculation becomes still more simple in the following way.
From the practically neutral sulphuretted hydrogen the dibasic sulphuric
acid is formed

;
since 5H2S are oxidised, this corresponds to an increase

of the acid by 10 equivalents. On the other hand, 3 equivalents of

base are formed from the neutral permanganate, viz. one univalent

potash and one bivalent manganous hydroxide. The 8KMn04 ,
there-

fore, make the reaction mixture more basic to the extent 3x8 = 24

equivalents. Subtracting the 10 equivalents of acid from this, there

remains a basic excess of 14 equivalents, and for these a correspond-

ing amount of acid is necessary in order to maintain the condition

unchanged.
In oxidation and reduction processes, therefore, a change in the

neutrality, or* more generally, in the acid or basic condition, generally
occurs. If hydrion is used up in the reaction, this will, in accordance
with the law of mass action, take place all the more readily the more

hydrion is present, or the more acid the solution is. The same holds

good when hydrion is not used up, but hydroxidion is formed. For
since the latter unites with hydrion to form neutral water, the two

processes are equivalent in the presence of water. If, on the contrary,

hydrion is formed in the process, the latter will take place better in

the presence of hydroxidion, and will be retarded or rendered practically

impossible by the presence of hydrion. In both cases, indeed, chemical

equilibria are established. Very frequently, however, these equilibria
are so much towards the one side of the reaction equation that it is

not possible to detect the presence of the substances on the other side.

An example of this is afforded by the transformation of mangan-
anion into permangananion, and vice versa (p. 628). Since in the case

of the direct change hydrion is used up, corresponding to the equation
3Mn04

''

+ 4H' = 2Mn04
' + Mn02 + 2H20, the transformation will be

promoted by the presence of hydrion, and the solution will contain

permanganate. If the hydrion is decreased by the presence of a large
amount of hydroxidion, the mangananion is stable. Another example
is afforded by the behaviour of iodine in presence and absence of

hydroxidion. Free iodine reacts with hydroxidion to form iodanion
and iodidion, in accordance with the equation 3I2 + 60ET = 51' + I03

'

+
3H

20. In this reaction much hydroxidion disappears, and the reaction

must therefore take place more easily when it is present ;
as a matter

of fact, it takes place in alkaline solution, e.g. in a solution of caustic

soda. If, however, hydrion is added, the reaction is reversed, and
elementary iodine is again set free : 51' + I03

' + 6H' = 3I2 + 3H20.

621. Complex Compounds ofManganese. Manganese can form
with cyanogen, compounds which are quite similar to those which we



xxxi MANGANESE 631

have already discussed in detail in the case of iron. In this case also-

we have the two series of compounds derived from a quadrivalent

manganocyanidion, Mn(CN)6"", and a tervalent manganicyanidion,

Mn(CN)6'", and both are obtained in a manner similar to the corre-

sponding iron compounds. They are both, however, less stable,

and the manganicyanides, more especially, through their readiness to-

undergo decomposition, recall the salts of tervalent manganese.
Potassium manganocyanide, K4Mn(CN)6 + 3H20, is isomorphous

with potassium ferrocyanide and crystallises in dark-blue crystals^

which, however, yield an almost colourless solution. Potassium man-

ganicyanide, K3Mn(CN)6 ,
is red, and is isomorphous with potassium

ferricyanide. Its aqueous solutions decompose on being .boiled, the

manganese being deposited as manganic hydroxide.



CHAPTER XXXII

CHROMIUM

622. General. In many of its chemical peculiarities chromium is

closely allied to the metals of the iron group, especially to iron and

manganese. On the other hand, it is related to the elements molyb-
denum, tungsten, and uranium, which must be placed in the last group
of metals, so that chromium could be grouped just as well with them.

It is somewhat arbitrary, therefore, in which group it is placed ;
that it

is here classed in the iron group is done for didactic reasons.

Chromium is closely related to manganese in the number of the

series of compounds which it forms. Whereas, however, in the case

of manganese, the acids corresponding to the higher stages of oxidation

were somewhat unstable, these belong in the case of chromium to the

most important and best-known compounds.
Chromium forms the following series of compounds :

Salts of the bivalent dichromion, Cr".

Salts of the tervalent trichromion, Cr'", and complex com-

pounds derived from it.

Chromium trioxide, Cr03 ,
and acids derived from it.

Chromium peroxide, whose composition is not yet known with

certainty.

The combining weight of chromium is Cr = 52-0.

623. Metallic Chromium was for long known only in the form

of an impure product containing carbon, since the fusion of pure
chromium could not be effected on account of its high melting-point.

By the reduction of chromium oxide with aluminium, in accordance

with a general method given by H. Goldschmidt, very pure metallic

chromium is now manufacture^ in large quantities. It is used in the

iron industry to add to steel (chromium steel).

This preparation is carried ouWby mixing chromium oxide with

aluminium powder, both carefully oried, and initiating the reaction

with a small quantity of the mixture. For this a very high tempera-
ture is necessary ;

this is produced by mixing aluminium powder with

632
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barium peroxide, forming a pill of this, and sticking a piece of mag-
nesium ribbon into it. If the magnesium ribbon is ignited, which

can be done with a match, the combustion of the aluminium with the

oxygen of the barium peroxide begins ;
the mass thereby becomes

white-hot, and initiates the reaction in the neighbouring portions of the

chromium mixture. In proportion as this undergoes transformation,

more of the mixture is added
;

the temperature thereby soon rises so

high that the chromium fuses.

The method has the advantage that it does not require a specially

built furnace, but can be carried out in the ordinary crucible, prefer-

ably one of magnesia ;
the outside of the crucible becomes only slowly

warm. On account of the high temperature of fusion of chromium,
the preparation of the fused metals is successful only when fairly large

quantities are employed, but then with ease.

A similar method is used for preparing other metals, and also for

the production of very high temperatures. In the latter case cheap

oxides, generally iron oxide, are used. With such mixtures fusions,

welding, etc., can be carried out on the spot with great ease and cer-

tainty, so that the method is of great technical importance.
Chromium is a lustrous white, very hard metal, the melting-point

of which is about 2000. Its density is 6-8. It remains unchanged
in the air

;
even at a red heat it becomes only slowly coated with a

thin layer of oxide, which exhibits the colours of thin plates. It is

dissolved by dilute hydrochloric and sulphuric acids, with evolution of

hydrogen. Nitric acid does not attack it, since it becomes
"
passive

"

in that acid.

Chromium passes into this passive state, i.e. ceases to be attacked

by acids, even by lying in the air. The metal when in this state is

not attacked at the ordinary temperature by dilute acids. Treatment

of the metal with strong oxidising agents has the same effect. If the

passive metal is allowed to lie for a fairly long time under acid, or if

this is warmed, solution with evolution of hydrogen suddenly com-

mences. If the metal is used as an anode in dilute acid, it is converted

by weak currents into its lowest compound, a chromous salt. If, how-

ever, the strength of the current is increased, the metal suddenly begins
to dissolve in the form of its highest stage of combination as chromic

acid. The passive metal likewise becomes active, i.e. becomes soluble

in acids when it is touched with a piece of zinc or similar metal under

acid.

An explanation of these remarkable phenomena, sufficient in all

particulars, has not yet been found.

624. Chromous Compounds. Dichromion, Cr", is coloured blue,

and has a very pronounced tendency to pass into the tervalent tri-

chromion. It is a very strong reducing agent, and can even decompose
water with evolution of hydrogen. The chromous salts can, therefore,

be obtained pure only with difficulty, and in aqueous solution cannot
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be long kept without passing into chromic salts. They are most easily

obtained by dissolving metallic chromium in dilute acids
; they can

also be prepared by the reduction of chromic compounds with metallic

zinc. From the solutions bases precipitate chromous hydroxide,

Cr(OH)2 ,
as a yellow precipitate, which in the moist state passes into

chromic oxide with evolution of hydrogen, and is oxidised almost

immediately in the air. Through the spontaneous oxidation of

chromium amalgam in the air, black chromous oxide is formed, which

passes into the green chromic oxide on being powdered.
From the solutions of the chromous salts excess of sodium acetate

precipitates sparingly soluble chromous acetate, a dark-red, crystalline

salt, which can be washed and dried if air is excluded ;
it is almost

the only fairly stable chromous compound. The aqueous solution,

prepared with the help of the hydrochloric acid, is used for the absorption
of free oxygen.

By igniting chromic chloride (vide infra) in a current of hydrogen,

white, difficultly volatile chromous chloride, CrC^, which dissolves in

water with a blue colour, is obtained.

625. Chromic Compounds. Trichromion is violet coloured, and
in its properties is most nearly related to aluminion and triferrion,

with which it is isomorphous. It has also a highly developed tendency
to form complex compounds of all kinds, some of which are violet,

some green.
Chromic hydroxide is obtained as a blue-green precipitate by the

action of ammonia on solutions of the chromic salts, whereby a small

amount of the salt readily passes into complex ammonia compounds.
Chromic hydroxide precipitated with alkali hydroxide dissolves in

excess of the precipitant to a fine green-coloured liquid, in which the

corresponding alkali chromite, i.e. a salt of the anion Cr(OH)20", is

contained. The solution, however, is very unstable
;

a less hydrated

hydroxide of a green colour, which is less soluble than the one directly

precipitated, separates out quickly when heated, and slowly in the cold.

Such phenomena have already been discussed in the case of beryllium
and aluminium.

By partial dehydration various partial anhydrides are obtained

from chromic hydroxide. One of these, of the composition Cr20(OH)4 ,

is used as a pigment on account of its fine green colour. On ignition
chromic oxide, Cr2 3 ,

is formed
;
this can also be obtained in crystalline

form by the decomposition of volatile chromium compounds. It then

crystallises in the form of corundum (p. 582) and forms black-green,,
lustrous rhombohedra.

Chromium oxide unites with oxides of bivalent metals to form sub-

stances of the type of spinel (p. 583), which are found in regular crystals

isomorphous with this substance. Of such compounds by far the most

important is chrome ironstone, a compound of chromium oxide with

ferrous oxide, FeCr2 4 ,
which crystallises in black octahedra, and i
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the compound of chromium most found. Chrome ironstone, therefore,,

forms the starting substance for the preparation of other chromium

compounds.
Of the salts of the chromic series, we must first mention the chloride,.

which is obtained in the anhydrous state by heating chromium oxide

and charcoal in a current of chlorine. It sublimes in the form of a

fine violet-red (peach-blossom red) substance, consisting of small

lustrous scales, which appear to be insoluble in water. On very long

contact, however, some passes into solution. Solution takes place very
quickly, with appreciable rise of temperature, when some chromous
chloride is added to the water. Other strong reducing agents have a

similar action. A sufficient theory of this acceleration has not yet been

given.
From the aqueous solution a green salt with 6H2 is obtained, which

cannot be directly converted into the anhydrous chloride, since, like-

the chlorides of all weak bases, it loses hydrochloric acid on being heated.

The green solution is not to be regarded as the (partially hydrolysed)
normal chloride with the ions Cr'" and 3C1', for on adding silver nitrate

only frds of the chlorine present is precipitated. The last third is

therefore not present as ion
;
the solution also contains free acids. The

chloride of a complex bivalent cation containing chromium and chlorine,.

e.g. CICr", is therefore present. On standing for a lengthened period
in dilute solution, the green colour of the solution changes to violet, and
at the same time almost all the chlorine can be precipitated by silver

nitrate. This corresponds to the formation of the normal chloride,

which is accompanied by the production of the violet colour belonging
to trichromion. On concentrating and heating the solution the green
ion is again chiefly formed. None of these reactions are complete, and
to each temperature and concentration there corresponds a definite

equilibrium between the two forms. A solution containing almost solely
the normal salt is obtained by dissolving the freshly precipitated chromic

hydroxide in hydrochloric acid.

The two chlorides can be prepared in the solid state the normal
one by the crystallisation of the solution saturated with hydrogen
chloride in the cold, the other in the heat. Both salts contain 6H2 ;.

the normal salt is grey-blue, the other is green.
626. Chromic Sulphate, Cr2(S04)3 ,

exhibits a similar variety of

behaviour, and has been still more thoroughly investigated. From

aqueous solutions the salt with 9H2 is obtained, and its solutions

exhibit the violet colour of the normal trichromion. If the solid salt

is heated till it has lost about 3H20, it becomes green, and the solution,

immediately after being prepared, exhibits a yery small conductivity,
and contains therefore scarcely any ions. Its conductivity increases

very rapidly ;
but barium chloride produces no precipitate, which

shows that no sulphanion is present. On the contrary, various complex

chromsulphuric acids, or their chromic salts, are formed.
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If mixtures of chromic sulphate and sulphuric acid in various pro-

portions are warmed, substances are obtained, the aqueous solutions of

which give no reaction with barion, and therefore contain no S04".

Neither do they exhibit the reactions of trichromion. They contain

complex chromsulphuric acids. The amount of hydrion which they
contain corresponds to the hydrion of the sulphuric acid added. In

this way as much as 3H2S04 can be combined with Cr2(S04)3 . The

solutions are not stable, but soon decompose into their components ;

the presence of the ions Or'" and S04
"
can then be detected.

Chromic sulphate forms a regular alum, chrome alum, with potassium
and ammonium sulphate ;

this crystallises in very large octahedra of

a dark-purple colour. If a crystal of chrome alum is suspended in a

saturated solution of ordinary alum and crystallisation allowed to take

place, the dark octahedron is obtained regularly enclosed in a colourless

one. Such regularly zoned crystals are also a sign of isomorphism
between the substances which can form them.

Chrome alum is generally prepared by the reduction of potassium
dichromate (vide infra) ;

it is used in dyeing and for many other pur-

poses. With animal glue the chromic hydroxide, which is split off

hydrolytically, forms a compound which is insoluble in hot water ;

it has a
"
tanning

"
action on the glue. Use is frequently made of

this property.
627. Sulphur Compounds of chromium cannot be prepared in

the wet way. Sulphuretted hydrogen is without action on chromium

salts, and with ammonium sulphide chromium hydroxide is precipitated,
while sulphuretted hydrogen escapes. That is to say, the hydrolysis
of chromium sulphide is so considerable that the compound cannot

exist, but decomposes into the substances which are formed from it

by the action of water.

At a red heat, anhydrous chromium sulphide is formed from the

elements in the form of metal-grey, very stable crystals.
628. Chromic Acids. When any chromium compound is heated

with strong bases or their carbonates, they absorb oxygen from the

air and form salts of the bivalent anion Cr04". The similarity of this

formula to that of sulphanion is not only an external one
;

the two
anions are isomorphous, i.e. their salts with the same cation have the

same form and crystallise with one another in varying proportions.

Chromanion, Cr04", is of a pure and strongly yellow colour, and
all the solutions of the chromates, therefore, exhibit this colour. The

solubility relations of the chromates agree closely with those of the

sulphates. Thus, the alkali metals form soluble salts
;

of the alkaline

earth metals, barium forms an extremely sparingly soluble salt, and
the others form increasingly more soluble salts. Of the chromates of

the heavy metals, that of lead must be called sparingly soluble
;

this

also agrees with what we have in the case of lead sulphate.
629. Potassium Chrornate, K2Cr04 ,

is a salt which crystallises
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in anhydrous rhombic crystals. It is prepared commercially by fusing
the naturally occurring chrome ironstone with potashes with access of

air. From the aqueous solution it is usual first to prepare the better

crystallising potassium dichromate (vide infra) ;
from this the normal

chromate can be obtained by adding the requisite quantity of potassium

hydroxide or potassium carbonate.

Potassium chromate is, at the ordinary temperatures, a sulphur-

yellow salt
;
on being heated it becomes of a bright-red colour, but on

cooling again assumes its yellow colour. We are dealing here with

the shifting of the region in which the salt absorbs the rays of white

light with the temperature, the region of the absorption shifting, with

rise of temperature, from the violet (which gives the complementary
colour, yellow, cf. p. 9) towards the green that is, towards the region
of longer wave-lengths.

The aqueous solution of potassium chromate exhibits an alkaline

reaction. This is not due to the chromic acid being a weak acid in

the true sense, but is due to the great tendency of the chromates to

pass into salts of the condensed dichromic acid, whereby a process
similar to hydrolysis is effected. For if any acid, even a weak one, is

added to the solution of potassium chromate, a change of colour from

yellow to orange occurs, and from the solution another potassium salt

crystallises, the composition of which is represented by the formula

K
2O2 7

. It is therefore the potassium salt of the condensed anion,
Cr2 7",

i.e. an anion formed from chromanion by the taking up of

chromium trioxide. We have already met with such compounds in

the case of sulphurous and sulphuric acids, which were distinguished
as

"
pyro-acids

" from the normal ones. The corresponding chromic

acid, however, is not called pyrochromic acid but dichromic acid.

The transformation of chromanion into dichromanion takes place

according to the equation 2Cr04
"
+ 2H' = Cr2 7

"
+H20. For it,

therefore, hydrion is necessary, and the reaction accordingly occurs on

acidifying the chromates, which contain the ion Cr04". In the solu-

tions of the normal chromates the hydrion of the water is used for this

purpose ;
for this reason hydroxidion remains over and the solution

reacts alkaline. The hydrolysis which occurs here differs from ordinary

hydrolysis (p. 275) in the fact that in this case a condensed ion is formed

and not a neutral compound.
For this reason, also, a solution of chromic acid, H2Cr04 ,

cannot

exist, since, indeed, the hydrion necessary for the transformation is

present. When a concentrated solution of potassium dichromate is

treated with excess of sulphuric acid, chromium trioxide, Cr03 ,
the

anhydride of chromic and dichromic acid, separates out in long, red,

needle-shaped crystals, which are readily soluble in water and exhibit

powerful oxidising actions. The aqueous solution of chromium trioxide

does not have the bright-yellow colour of chromanion but the orange
colour of dichromanion, and its behaviour also with regard to the
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depression of the freezing point and electrical conductivity, allows only
of the view that it contains the ions Cr2 7

"
and 2H'. If potassium

dichromate is mixed with potassium hydroxide, the solution becomes

bright yellow and contains potassium chromate. The following
reaction occurs : Cr2 7

" + 20H' = 2Cr04
"
+ H20. This is the reverse

of the reaction just given, and occurs under the influence of hydroxidion.

Dichromanion, therefore, cannot exist in measurable quantity in

presence of hydroxidion, any more than chromanion can in presence of

hydrion.
At the present day chromium trioxide is placed at a cheap price

on the market, since it is greatly used for galvanic cells and as an

oxidising agent in chemical industry, and since its ready solubility
allows of more concentrated solutions of it being prepared than of

potassium dichromate, which was formerly employed. Even on being
heated it loses a part of its oxygen and passes into chromium oxide.

The change takes place more easily in presence of acids, especially

sulphuric acid, which form a corresponding chromic salt. This holds

good also for the application of chromium trioxide as an oxidising

agent. Hydrochloric acid evolves not oxygen but chlorine, being
itself oxidised.

630. Potassium Dichromate is a red-coloured salt which reacts

almost neutral
;

in its solution, therefore, the presence of an acid

chromate is not to be assumed. It readily fuses to a dark liquid which
on cooling undergoes crystallisation and falls to a powder. It is

moderately soluble in water (1 : 10, at room temperature) ;
it crystal-

lises anhydrous.
When potassium dichromate and sulphuric acid are used for

oxidation purposes, chrome alum is formed : K2Cr2 7
+ 4H2S04

=

2KCr(S04)2 + 4H2 + 30.

The corresponding sodium salts, sodium chromate and sodium

dichromate, replace the potassium salts at the present time in their

applications, since they can be manufactured more cheaply than the

latter, by the fusion of chrome ironstone with soda (and lime, to

facilitate the reaction). The normal chromate crystallises with 10H2

in the forms and possessing the general solubility relations of Glauber's

salt (p. 512) ;
the dichromate crystallises with 2H

20.

Of the other chromates, barium chromate may be mentioned. This

is obtained as a bright-yellow precipitate when the ions Ba" and Cr04

"

come together in solution. The salt is very stable, withstands a red

heat without decomposition, and is therefore used as a yellow pigment
for painting porcelain.

Barium dichromate is not known in the pure form, but its exist-

ence in solution can be gathered from the known facts. If the ions

Ba" and Cr2 7

"
are brought together in solution, barium chromate

and not the corresponding salt is formed, and the solution becomes
acid. The precipitation is not complete, since, for example, if equivalent
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quantities of barium chloride and potassium dichromate are used, about

a third of the barium remains in solution, and the latter has the orange
colour of dichromanion. The cause of this is that in the solution of

dichromate, chromanion is also present, being formed in very small

amount by the transformation of dichromanion into chromanion

through the interaction with water : Cr2 7

// +H2
= 2Cr04

"
+ 2H' .

This reaction is the reversal of that given on p. 637
;

since it is a case

of chemical equilibrium, none of the possible reactions can be complete,
but at the end all the substances concerned in the equilibrium must
be present. By precipitation as barium chromate the chromanion
is removed from the solution, a fresh amount is formed, which is also

precipitated, and so on. That all the dichromanion does not pass
into chromanion is due to the fact that hydrion is produced at the same

time, as the above equation shows. The amount of this increases

as the reaction proceeds, the stability of the chromanion is thereby
diminished, that of the dichromanion is increased, and finally equilibrium
must be established. In the solution dichromanion and barion exist

side by side without being precipitated, which proves that barium
dichromate is a readily soluble compound. The cause of the con-

version of dichromanion into chromanion is, therefore, in the present

case, the sparing solubility of barium chromate. Since these con-

siderations evidently hold good universally, every cation that forms

a sparingly soluble chromate will precipitate this from solutions of

the dichromates. This is, as a matter of fact, the case, e.g. lead.

The oxidising action of chromic acid can be made use of for its

quantitative determination by employing it to liberate iodine from

hydrogen iodide, or, in other words, to convert iodidion into iodine.

The reaction is

O2 7

"
+ HIT + 61' = 2Cr"' + 7H2 + 3I

2 ,

in which 6 equivalents of some anion must be added to both sides in

order to make the equation complete. From this it can be seen that

a large amount of hydrion is used up in this reaction, which is possible,

therefore, only in presence of much acid. For one combining weight
of chromium three combining weights of iodine are set free

; by means
of thiosulphate (p. 517) the amount of the latter can easily be accurately
determined.

631. Sensitive Chromate Mixtures. Although the chromates

alone are not to any great extent sensitive to light, they become so

in a very high degree when they are in contact with reducing sub-

stances, e.g. organic matter like paper, indiarubber, glue, etc. And
this sensitiveness is, strange to say, greater in the case of the dry
mixtures than when these are moist. On this property a large number
of photographic and photo-mechanical methods depend, some of which

may be mentioned here.

A mixture of glue and a soluble chromate on exposure to light
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acquires the property that the glue becomes insoluble. This is due to

the fact that the chromic acid is reduced to chromium oxide, which

forms an insoluble compound with the glue (p. 636). If some colour-

ing matter is added to the above mixture, and paper is coated with

this and exposed to light under a transparent picture, the coating

becomes insoluble at those parts on which the light has been able to

act, while it remains soluble at the parts where the opaque portions of

the picture were. If the prepared paper is treated, after the exposure,
with warm water, the coating is dissolved at those parts where it was

protected from the action of light, while the colour remains at the

exposed parts. In order to obtain a picture, therefore, in its proper

relations, a
"
negative

" must be used, i.e. a transparent picture in

which the dark parts are transparent and the bright parts opaque.
Such pictures are obtained by the ordinary photographic method with

silver salts (Chap. XXXVIII.).
Another method depends on the fact that a mixture of glue and

chromate acquires at the exposed parts the property of taking on

the oily printing colour, while the non-exposed portions (after the treat-

ment with water) are not coloured by this. If, therefore, the printing
colour is rolled over such a picture and a white paper placed on it, a

print is obtained in which the exposed parts are again dark and the

unexposed bright.

If a metal plate is coated with the chromate-glue mixture, and the

part remaining soluble after exposure removed with warm water, the

exposed metal can be deeply etched by pouring acid on it. In this

way blocks for printing are obtained.

These examples do not exhaust the whole of the possibilities, but

we must refrain from further details.

632. Chromyl Chloride and Chlorochromic Acid. The simi-

larity of chromic acid to sulphuric acid is further exhibited by the fact

that it can form the two chlorides which can be derived from the acid

by the replacement of hydroxyl by chlorine.

By distilling a mixture of potassium dichromate and sodium chloride

with sulphuric acid, chromyl chloride, Cr02Cl2 ,
is formed as a red liquid,

similar to bromine, which boils at 118, and has an appreciable vapour

pressure even at the ordinary temperature. As the substance is very
sensitive to water, the water formed in the reaction must be bound by
using acid containing anhydride, or fuming acid.

Chromyl chloride is decomposed by water, after the manner of the

acid chlorides, into chromic acid and hydrogen chloride :

Cr02Cl2 + 2H2
=H2Cr04 + 2HC1.

The process is, however, reversible, since, -in concentrated solution,

chromic acid and hydrochloric acid undergo partial combination with

formation of the corresponding first chloride of chromic acid. This

is not known in the free state, but salts of chlorochromanion are known.
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The state of affairs is therefore exactly the reverse of that obtaining
in the case of sulphuric acid, where the free acid is known but not the

salts. Potassium chlorochromate, KCr03Cl, is obtained as an orange

anhydrous salt by crystallising potassium dichromate from a strong
solution of hydrochloric acid: K^Cr^ + 2HC1 = 2KO03C1+ H20.

On recrystallising from pure water, it again decomposes into hydro-
chloric acid and potassium dichromate. On being heated it evolves

chlorine.

The formation of chromyl chloride is used for the detection of

chloridion in presence of bromidion and iodidion. On distilling the

salts in question with potassium dichromate and fuming sulphuric

acid, chlorine passes over as chromyl chloride, while bromine and
iodine distil over in the free state. The distillate is treated with

ammonia, whereby chromyl chloride yields a yellow solution of

ammonium chromate, while bromine and iodine dissolve to a colourless

solution.

A chromylfluoride, Cr02F2 ,
a red, very volatile liquid, is also known

;

similarly to the chloride, it is obtained by the distillation of a chromate

with fluor-spar and fuming sulphuric acid. It is very rapidly decom-

posed by water.

633. Perchromic Acid. By this name a higher stage of oxidation

of chromium is designated, which is formed by the action of hydrogen

peroxide on an acid solution of dichromic acid. The solution at once

becomes blue
;

the coloration, however, is not stable, for in a short

time oxygen is evolved and a chromic salt is left in the solution. The

phenomenon can be made to last longer by shaking out the blue liquid
with ether

;
the blue substance then passes into the ether, in which

it keeps much longer.
The composition of this blue compound has, it is true, been deter-

mined, but the relations which are met with in this reaction have not

been sufficiently explained in order to be treated here.

Since the blue coloration becomes visible with even very small

quantities of hydrogen peroxide, an acidified solution of a chromate

can be used as a reagent for hydrogen peroxide.

2T



CHAPTER XXXIII

COBALT AND NICKEL

634. Cobalt and Nickel are two metals allied to iron, and similar to

it as far as the compounds of the ferrous series are concerned, but the

compounds corresponding to the ferric series are unstable or unknown.

These metals, further, share with iron the property of being markedly

magnetic., and they also accompany iron in meteorites. Their occur-

rence in nature is not exactly rare, but they are much more sparingly
distributed than iron. They occur chiefly as constituents of complex

sulphur and arsenic compounds, and from these they are obtained by
first of all being freed from the sulphur and arsenic by roasting, i.e.

exposure to the oxidising action of the air at a high temperature,

whereby they pass into the respective oxides. These oxides are

separated from one another in the wet way by the fractional precipita-

tion of the salts prepared from them.

The two elements are grey or yellowish-white metals, the melting

point of which is very high, although lower than that of pure iron.

They are hard and tenacious metals, which take on a very fine polish ;

they remain almost unchanged in the air, and have a somewhat con-

siderable technical value.

The two elements form bivalent, elementary ions
; further, they

have a great tendency to form complex ions of all kinds. In the case

of cobalt, more especially, an extraordinary wealth of different com-

pounds exists, these being chiefly compounds with nitrogen in its various

forms of combination, cyanogen, ammonia, and the oxygen compounds.
The combining weights of these elements have been determined by

the analysis of their halogen compounds, and have been found to be

Co = 59-0, Ni = 58-7.

635. Metallic Cobalt can be easily obtained as a powder by
heating the oxide in a current of hydrogen. In fused masses it is

most easily obtained by reduction with aluminium, according to the

method of Goldschmidt. It is a tenacious metal, which can be readily

polished, and which exhibits a high lustre. In the metallic state it

has as yet found no application in the arts.

642
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In most acids it dissolves only very slowly, with evolution of

hydrogen, but dissolves readily in nitric acid. The solutions which
are formed are coloured red, irrespective of the nature of the acid

;
it

is to be concluded from this that the red colour is due to cobaltion.

The cobaltion, Co", contained in the salts is bivalent, and in its general
behaviour is similar to diferrion.

With alkalis, its salts yield a blue-violet precipitate of cobalt

hydroxide, Co(OH)2 ,
which is converted into its anhydride, green

cobaltous oxide, CoO, on being heated out of contact with oxygen.
At a red heat it takes up oxygen from the air, and an oxide, Co3 4 ,

corresponding to magnetic iron ore, is formed, which is again converted

into the monoxide at a white heat.

Cobalt hydroxide does not dissolve in excess of alkalis (except in

traces, when the solutions are very concentrated), but readily does so

in solutions of ammonium salts. The reaction is, in the first instance,
similar to that in the case of magnesium hydroxide ;

but if a large
excess of ammonia is added, the red colour changes to a yellow-brown,
which shows that a new complex compound has been formed. If the

liquid is diluted with much water, blue cobalt hydroxide separates out

as a flocculent precipitate. As in the case of manganese, the am-
moniacal solution absorbs oxygen from the air, whereby complex salts

are formed which will be mentioned later.

Of the salts of cobalt, cobalt nitrate, Co(N03)2 ,
is the best known

;

it is a readily soluble salt crystallising with 6H20, and is used in ana-

lytical chemistry.
Cobalt chloride, CoCl2

. 6H20, is also readily soluble. It forms a

large number of lower hydrates, of which the less hydrated forms are

of a blue colour. The concentrated aqueous solutions, also, which are

red in the cold, exhibit a blue colour when heated. This occurs still

more readily when the solution contains a large amount of chloridion

in the form of sodium chloride or hydrochloric acid. The cause of

this is that under these circumstances complex anions are formed,

(probably by the taking up of chloridion by cobalt chloride), which are

blue in colour.

This phenomenon was formerly regarded as a great curiosity, and
cobalt chloride was used as a

"
sympathetic ink." For, on writing on

paper with a solution of this salt, the pale-red tracings are scarcely

recognisable in the ordinary state. On heating the paper, however,
and thereby converting the salt into the less hydrated form, the blue

colour appears very distinctly.
Textile material moistened with a concentrated solution of the salt,

assumes various colours when exposed to the air, according to the amount
of moisture in the latter. In dry air it is blue

;
in moist, pale red

;
in

the intermediate states, violet colours appear. Such material is used

as a rough hygroscope, because, from its colour, an idea can be obtained

as to the amount of moisture in the air and the probability of rain.
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These properties do not belong exclusively to the chloride of cobalt
;

they are also more or less markedly exhibited by the other salts. The

anhydrous salts of cobalt are all coloured blue.

Cobalt sulphate, CoS04 . 7H20, usually crystallises in the forms of

ferrous sulphate ;
as in the case of the other vitriols, salts of various

forms, sometimes also with different amounts of water of crystallisa-

tion, are obtained, according to the temperature. With potassium
and ammonium sulphate, monoclinic double salts with 6H

20, of the

type which has already been mentioned several times, are formed.

636. Cobalt Silicates. When glass is fused with cobalt com-

pounds, dark-blue fusions are obtained, the colour of which is due to

cobalt silicate. Even in comparatively small amount, this substance

imparts a blue coloration to glass (as also to the borax and meta-

phosphate bead) ;
the transmitted light is found to be composed of

blue together with violet and red, while the intermediate rays (orange,

yellow, and green) are very completely absorbed. To this property is

due the use of cobalt glass for the detection of the potassium flame

in the presence of that of sodium.

In the arts, use is made of the above property for the production
of blue glass, and also of blue pigments for porcelain, as well as of

other blue colours. The finely powdered cobalt glass is used as a

pigment under the name of smalt or
"

cobalt," and is distinguished by
its very great resistance to chemical influences. As a pigment for

porcelain, more or less pure cobaltoso-cobaltic oxide is generally used,

which passes into cobalt silicate with the silicates of the glaze. Over

most of the other colours, this one has the advantage that it with-

stands the high temperature of the porcelain furnace, and can there-

fore be painted on under the glaze, whereas the less stable colours

must be burned on the glaze at a gentle heat after the object has been

made, and are therefore not so durable.

637. Cobalt Sulphide, CoS, is obtained as a black precipitate on

adding ammonium sulphide to solutions of cobalt salts
;
the precipitate

is also produced on passing sulphuretted hydrogen into a solution of a

cobalt salt to which excess of sodium acetate has been added. If the

solution is strongly acid, i.e. if it contains hydrion in considerable con-

centration, no precipitate is produced.
While other sulphides, however, which have similar solubility re-

lations, readily redissolve in dilute solutions of strong acids (cf. zinc),

cobalt sulphide when once formed is found to be insoluble in acids.

The explanation of this remarkable phenomenon is probably this, that

the precipitate, after being formed, at once undergoes a change of

state, whereby it becomes less soluble. This behaviour can be well

made use of for analytical purposes, since in this way cobalt and nickel

(which has a similar behaviour) can be separated from the metallic

sulphides, which do not exhibit the above peculiarity.

638. Other Cobalt Compounds. On igniting any cobalt salt
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with excess of alumina, a fine blue-coloured, unfused mass is produced,
which is also used as a pigment. This reaction is made use of for the

detection of alumina with the blow-pipe. With zinc oxide a mass of

a strong green colour is produced.
A higher oxide of cobalt, Co2 3 , corresponding to ferric oxide, is

obtained by gently igniting cobalt nitrate
;
the corresponding hydroxide

is obtained by the action of strong oxidising agents, such as sodium

hypochlorite, on cobaltous hydroxide. This hydroxide, however, forms

no stable salts, although solutions of cobaltic salts, among others, are

obtained on subjecting cobaltous salts to the oxidising action of an

electric current at an anode of platinum. These salts are distinguished

by a fine dark-green colour, but undergo hydrolytic dissociation to a

large extent.

639. Complex Salts of Cobalt. From cobalt, two series of

cyanogen compounds are in the first instance derived, corresponding
to the two series of iron-cyanogen compounds. Thus, there is a quadri-
valent cobaltocyanidion, Co(CN)6

////

,
and a tervalent cobalticyanidion,

Co(CN)6'",
and derivatives of these. Of the two, the second is by far

the more stable.

From cobaltous salt and potassium cyanide a red solution is pro-
duced in the cold, and, by special precautions, a violet salt can be

obtained from this similar to potassium ferrocyanide. On being

heated, the solution becomes colourless, passing into the cobaltic

compound with decomposition of the water and evolution of hydrogen,
and on evaporation the colourless, very stable potassium cobalticyanide,

K
3Co(CN)6 ,

is obtained
;

from this the hydrocobalticyanic acid,

H3Co(CN)6 ,
which is also exceedingly stable, can be obtained in the

form of colourless, acid, readily soluble needles.

Another complex salt, the formula of which has a certain similarity

to the one just described, is obtained by mixing a solution of a cobalt

salt with potassium nitrite and adding acetic acid. The red colour of

the solution disappears and gives place to a yellow ;
after some time

all the cobalt is then present in the form of a yellow crystalline salt,

which is deposited as a heavy powder. The salt is very sparingly
soluble in its mother liquor, so that very small amounts of cobalt can

in this way be precipitated and detected. The reaction is of especial

value from the fact that it is not given by nickel, although in almost

all other reactions the latter agrees with cobalt.

The salt is found, by analysis, to have the composition K3Co(N02)6 ;

it is the potassium salt of the tervalent cobaltinitrosion, Co(N02 )6
'".

This ion is distinguished from the analogously constituted cobalti-

cyanidion by its much smaller degree of stability, for it is not known
as an acid, but only in its normal salts.

640. Cobalt-ammonia Compounds. When excess of ammonia
is added to cobalt salts and the solutions which are formed exposed
to the action of oxidising agents, e.g. the atmospheric oxygen, very
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varied compounds are produced, the empirical composition of which is

one combining weight of cobalt salt plus three to six combining weights
of ammonia. Expressed in formulae, therefore, the composition of

the chlorides, for example, would be CoCl3 . wNH3 ,
where n is equal

to 3, 4, 5, or 6. These salts, however, do not behave at all like cobalt

salts, for they are mostly very stable and do not give the ordinary
reactions of cobalt, but special reactions which differ essentially in

the different series
; they are, therefore, salts of new cations consisting

of cobalt and the elements of ammonia. They could, then, in the first

instance, be regarded as compounds of new, tervalent cations, having
the composition Co(NH3) 7l

'". In opposition to this, however, is the

fact that the anions, also, which are contained in the salts, do not

always exhibit the reactions of these ions, so that the further conclusion

must be drawn that the elements of the anions are also partially con-

tained in the complex cation.

The following rule affords a survey of the various compounds
which exist here. The cobalt in these compounds is regarded as nona-

valent and the ammonia is bivalent. The compounds can then be so

formulated that the non-ionisable anions are united directly with the

nonavalent cobalt, while the ionisable anions appear indirectly united

with the cobalt by means of the ammonia. To this the empirical rule

has to be added that there are never more than three equivalents of

anion united (directly or indirectly) with one mole of cobalt. From
this we obtain the following possibilities :

Tervalent . . . Ck

(NH3 -D)2

Bivalent . .. . Co(NH3 )3

U
'

NH3 -D
TT i r,

NH3 -D and Co(NH3 )3Umvalent . . Co
(NH )4 ^ 3 '

Nonavalent . . .* Co (

uf
3)3

For the purpose of better distinguishing the ionisable anions from
the non-ionisable, the former are denoted by D, the latter by U.

The above cases become still more diverse from the fact that not

only can the most varied anions be present, but the place of ammonia
can be taken by other substances, e.g. by water, and also by numerous

organic compounds.
Moreover, the anions directly united with cobalt are not com-

pletely bound, but, in their turn, also undergo a greater or less dis-

sociation, according to their nature, and although this dissociation is

generally much less than that of the other ions, it is by no means to

be always neglected.
A description of these numerous compounds will not be under-

taken here, especially as many problems regarding their nature still
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remain unsolved. We shall merely state generally that the complex
cations of these salts are almost all more or less brightly coloured

;

the old designation of these salts, indeed, is derived from their colora-

tions. The luteocobaltic salts are the compounds of the first type,
the purpureo-salts belong to the second, the praseo-, flaveo- and croceo-

salts to the third type. The complex cations mostly form strong
bases with hydroxyl, which are soluble in water and exhibit the re-

actions of hydroxidion in a most pronounced manner. Their salts

are frequently very sparingly soluble in water.

641. Nickel. Unlike cobalt, which is not employed in the metallic

state, metallic nickel is a material which is greatly used. It was formerly
used only for alloys ;

thus German silver is an alloy of nickel with

zinc and copper. Some decades ago, however, the difficulties caused

by the high temperature of fusion of nickel have been overcome

(especially since it was found that it could be rendered more easily
fusible by the addition of metallic magnesium or aluminium), and at

the present day nickel is extensively employed in cases where it is

required to use a tenacious and hard metal, and one which keeps well

in the air and is difficultly fusible. It finds increasing use, therefore,

for apparatus in the laboratory and for household utensils.

Further, large quantities of nickel are deposited on other metals

with the help of the electric current. It coats these with a resistant,

almost silver-white layer, which keeps well in moist air, so that the

nickel-plating of various objects made of iron and brass has become an

extensive industry.
The electric deposition of a metal depends on the fact that at

the cathode of a circuit, the cations pass from the state of ions into

the neutral state. In the case of nickelion, this passes into metallic

nickel, which is deposited at all points where the current leaves the

liquid. In this process various circumstances, such as strength of the

current, nature of the solution, etc., have a considerable influence on

whether the metal is deposited in a coherent, lustrous layer or as an

incoherent powder. The practice of electro-plating, as this process is

called, depends on the knowledge and application of the conditions

which ensure the formation of a good deposit. This subject, which is

very important in the arts, has been only very little investigated

scientifically, so that no general rules can be given.
In order that the nickel-plating bath, which constantly gives up

metal to the object to be plated, may not become exhausted, the anode

is made of metallic nickel. By this means the anion is not discharged,
but on the contrary, as much neutral or metallic nickel passes into the

ionic state as is separated at the cathode, and the whole process con-

sists in metal passing into ions at the anode, and being transported by
the current to the cathode, where it again passes from the ionic state

into the metallic. In this process the current would, theoretically,

have practically no work to perform ;
as a matter of fact, however, a
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larger or smaller amount of work must be performed by the current

on account of the differences in the concentration and other circum-

stances, a fact which finds expression in the so-called polarisation of the

bath or the
"
bath potential."

Nickel forms a bivalent elementary ion nickelion, Ni", which is of

a fine green colour
;

this colour is present in all solutions of nickel

salts which contain this ion. Nickel, it is true, can also form a higher

stage of oxidation, but this is extremely unstable, and does not behave
as a salt-forming oxide. Nickel can form complex ions, but these are

neither so varied nor so stable as in the case of cobalt
;

this forms the

most essential difference between the otherwise very similar elements.

Nickel salts are obtained by the solution of metallic nickel in nitric

acid
;
in the case of nickel, the decomposition of aqueous acid solutions

with evolution of hydrogen takes place only very feebly and slowly.
If aqua regia is employed, the chloride is obtained

; by evaporating
the nitrate with sulphuric acid, the former is converted into the sulphate.

From the green solutions of the nickel salts, soluble bases give a

pale-green precipitate of nickel hydroxide, Ni(OH)2 ,
which loses water

when heated, and is converted into grey nickel oxide, NiO. Nickel

hydroxide is not soluble in alkalis, but dissolves in ammonia. As the

liquid thereby becomes of an azure-blue colour, it must be concluded

that a new ion is formed. The investigation of the solid salts has

shown that we are possibly dealing with two different ions, one of

which contains 4NH3 ,
the other 6NH3 ,

to one Ni
;
the ions, therefore,

have the formulae Ni(NH3 )4

"
and Ni(NH3 )6

". They are both blue.

The complex ions of nickel containing ammonia differ from those

of cobalt, not only in being derived from bivalent nickel, but also in

being much less stable. Whereas most of the cobalt-ammonia com-

pounds can be brought together with bases, and even in some cases

boiled with them, without ammonia being eliminated to any appreci-
able extent, the salts of the nickel-ammonia ions in the solid state

slowly lose their ammonia even in the air, and quickly on heating.
The dissociation pressure of these compounds, therefore, in respect of

the ammonia has an appreciable value even at the ordinary temperature,
while in the case of the cobalt compounds it is immeasurably small.

The nickel salts are similar to those of cobalt and generally iso-

morphous with them. Of these salts some importance is possessed by
nickel sulphate, which is generally obtained in quadratic crystals with
6H20, a form which is seldom found in the case of the other vitriols

;

it can, however, also crystallise in the forms of magnesium sulphate
and ferrous sulphate. With potassium and ammonium sulphate, it

forms double salts of the oft-mentioned type. Nickel sulphate and a

double salt with ammonium sulphate are used in large quantities for

the preparation of baths for nickel-plating.
With potassium cyanide, the nickel salts at first deposit a green

precipitate of nickelous cyanide, which dissolves in excess of potassium
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cyanide and yields a yellow liquid. From this change of colour it can

be seen that a new ion is produced ;
on evaporating the solution a

yellow salt of the composition K2Ni(CN)4 . H2 crystallises out. The

nickel-cyanidion which forms the basis of this salt does not have an

analogous composition to the complex ions of iron, manganese, and

cobalt, for it is only bivalent. With regard to its stability, also, it

differs greatly from these compounds. On acidifying the solution one

does not obtain free hydronickelcyanic acid, but a greenish precipitate
of nickelous cyanide is produced and hydrocyanic acid escapes. The

acid, therefore, immediately decomposes according to the equation
H

2Ni(CN)4
= Ni(CN)2 + 2HCN. A separation of cobalt and nickel can

be based on this reaction.

642. Nickel Carbonyl. If carbon monoxide is kept in contact

with finely divided nickel at a temperature of about 30 r the two sub-

stances combine to form a colourless liquid which boils at as low as

43, and has an unpleasant smell and poisonous action. The com-

position and vapour density are represented by the formula Ni(CO)4 .

The liquid is not appreciably soluble in water, but it readily dis-

solves in organic liquids, such as benzene and turpentine. In the air

it oxidises to substances of complex composition.
At a somewhat higher temperature, nickel carbonyl again decom-

poses into its constituents
;

for each temperature there exists a relation

between the carbon monoxide and the nickel carbonyl vapour at

which equilibrium exists with metallic nickel : with rising temperature
the equilibrium shifts in favour of the carbon monoxide.

By reason of this, nickel can be separated in the pure state from
its ores after it has been reduced to spongy metal at a low temperature.
Carbon monoxide is passed over it, and the resulting gas mixture is

heated
;

metallic nickel is thereby deposited and the liberated carbon

monoxide can be used for the conversion of fresh quantities of nickel.

For technical purposes, however, this process cannot be employed,
because, under the above conditions, the carbon monoxide also under-

goes decomposition into carbon and carbon dioxide, 2CO = C + C02 ,

which disturbs the cycle of processes.
The change of equilibrium with rise of temperature -brings it about

that metallic nickel can be distilled from a lower to a higher tempera-
ture. Carbon monoxide is enclosed in a glass tube, at one end of

which there is nickel sponge, and the end at which the nickel is not

placed is heated to 100 or somewhat over this. After a short time

the hot end becomes covered with a fine mirror of metallic nickel.



CHAPTER XXXIV

ZINC AND CADMIUM

643. Zinc. From the metals of the iron group, to which it is in many
respects similar, zinc differs in the fact that it cannot form any other

stage of combination than that yielding the bivalent ion. In this

respect it forms an intermediate member between nickel, which has

lost this property for the most part, and magnesium, in the case of

which no trace of that property is present.
Zinc occurs fairly abundantly in nature, both as oxygen compounds

(carbonate and silicate), and as sulphide or blende. Zinc is obtained

from both these and is a white fairly soft metal which melts as low as

420 and boils at 950. In the air and in water it oxidises very quickly.

Since, however, the zinc hydroxide or carbonate which is formed covers

the underlying metal with a coherent coating, the oxidation proceeds
for the most part slowly, and objects made of zinc resist the influence

of air and water fairly well.

Cast zinc is coarsely crystalline and brittle. If, however, the metal

is heated to somewhat over 100, it becomes soft and tenacious, and

can be hammered and rolled. Having once undergone this treatment,
it remains tenacious even at the ordinary temperature. If it is heated

to about 300, it again becomes extremely brittle, and at that tempera-
ture can be ground to a powder ;

on being cooled, it retains a somewhat
brittle character.

Zinc is employed not only in the pure state, but also to a large

extent in alloys. Its most important alloy is that with copper ;
it is

called brass, and will be treated under copper. With copper and nickel

it forms German silver (p. 647).

Zinc is also used for coating iron in order to protect it from rust
;

this is then known as
"
galvanised

"
iron. Iron objects which remain

constantly exposed to the air, such as railings, agricultural implements,
etc., are in this way rendered durable. It is true that zinc in contact

with iron oxidises more quickly than when alone, but the oxidation is

limited to the surface.

At 420 zinc fuses, and this temperature is low enough to allow of

650
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the metal being largely used for castings. At 950 zinc is converted

into a vapour, which burns in the air with a brilliant blue flame, forming
zinc oxide. The density of this vapour yields the molar weight 65-4

;

as this number also represents the combining weight, the formula of

zinc in the vaporous state is Zn. It contains, therefore, only one com-

bining weight, whereas most of the elements in the gaseous or vaporous
form have the double formula. The other metals, however, so far as

they are known in the vaporous state, exhibit the same peculiarity
as zinc.

It is on the volatility of zinc that its manufacture depends. The

oxygen ores are heated directly with charcoal
;

the sulphide, after

being converted into zinc oxide by roasting in the air. The metal formed

by the reduction of the oxide with charcoal volatilises and is collected

in suitable receivers with exclusion of air, while the impurities remain

behind in the retort.

In this process a portion of the metal is obtained in a form in

which it is often used in the laboratory, viz. as zinc dust. So long as

the temperature of the receiver remains below the melting point of

zinc, the metal is deposited in the form of a fine grey powder. (The
relations are exactly the same as in the formation of flowers of sulphur. J

This powdery form of zinc is more suitable for many chemical purposes
than the fused

;
in using it, however, it must be remembered that it

generally contains a considerable amount of zinc oxide in consequence
of an incipient oxidation.

Recently many attempts have been made to obtain zinc from its

ores by first converting it into a salt and then decomposing this by
means of the electric current. The difficulty of obtaining a coherent

metal free from oxide in this way does not appear as yet to have been

overcome.

644. Zincion. Metallic zinc readily dissolves in acids with evolu-

tion of hydrogen (p. 129), and is converted into the corresponding
zinc salt, zincion, Zn", being formed from the metal.

Zincion is bivalent, and resembles magnesion in many respects.

Like the latter it is colourless, and with the different anions it forms

salts which have similar solubilities and the same crystalline forms as

the magnesium salts. Zincion is a poison for the higher organisms ;

nevertheless, it has been found as a constituent of some plants which

grow in soil containing zinc.

The heat of formation of zincion from the metal is 147 kj. This

is, therefore, also the amount of heat developed by the solution of

zinc in acids (p. 229).

During the process of solution some remarkable peculiarities are

observed. Pure zinc appears as almost insoluble in dilute acids. So

soon, however, as there is added a small quantity of a salt of copper,

silver, lead, or some other metal, which is eliminated from its solutions

by zinc, a rapid evolution of hydrogen at once occurs. The cause of
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this is at once seen on touching a piece of zinc immersed in an acid

with a piece of another metal. Hydrogen is abundantly evolved, but

only at the surface of the other metal, while the zinc passes quietly

into solution. If different metals are used as cathodes for an electrical

current in dilute acid, it is seen that for the evolution of hydrogen at

a surface of zinc a much higher potential is required than in the case

of any other metal.

The process may therefore be pictured as if the zinc withdrew

the charge from the hydrion, passing thereby into zincion, while the

hydrogen assumes the gaseous form. This passage into the gaseous
state takes place (for reasons which are not yet known, but which are

detected by the potential) with much greater difficulty at a surface of

zinc than at the surface of another metal, and for this reason the de-

composition is slight so long as only zinc surfaces are available for the

evolution of gas. If, however, the zinc is connected by a conductor

Me,

FIG. 122.

with another metal at the surface of which the hydrogen can be more

readily evolved, the formation of the zincion and the elimination of the

hydrogen take place at different points, an electric current passing at

the same time through the metals and the acid. In Fig. 122 a clear

picture of these relations is given. From the zinc, denoted by Zn, the

metal dissolves as ion
;

the requisite amounts of positive electricity

are withdrawn from the hydrion present in the solution, these charges

passing in the direction of the arrows through the metallic conductor

to the zinc. The simultaneous production of an electric current is,

therefore, the necessary condition for the solution of zinc and the

evolution of hydrogen occurring at two different points.
The above arrangement affords at the same time an insight into

the production of electric currents in the old voltaic cell, consisting of

zinc, copper, and dilute acid. Fuller information on this point will be

given at a later point (Chap. XXXV.).
645. Zinc Hydroxide, Zn(OH)2 ,

is deposited as a white flocculent

precipitate on the addition of dissolved bases to a solution containing
zincion. It is soluble in an excess both of alkali and of ammonia,
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although for different reasons in the two cases. The solubility in

alkali depends on its property of splitting off hydrion from its hydroxyl,
and therefore of acting as an acid. These solutions contain an alkali

zincate, e.g. K2Zn02 ,
and the new ions Zn02

"
and HZn02'. The reason

of the solubility is therefore the same as in the case of alumina (p. 581).

The solubility of the zinc hydroxide in ammonia, however, depends on

other causes. We might regard it as being due to an influence exerted

on the solubility by the presence of ammonion, such as occurs in the

case of the otherwise very similar magnesia (p. 563). This appears,

however, to be excluded by the fact that zinc hydroxide must be a

much weaker base, as is evident from its solubility in alkalis (p. 581).

On the contrary, we have here to assume the formation of new
zincammonium ions, Zn(NH3)n", where n has presumably several

values. The behaviour of zinc hydroxide is therefore comparable
with that of nickel hydroxide, in which case the formation of new
ions was rendered visible by the change of colour.

This assumption is supported by the fact that the zinc salts,

especially the halogen compounds, even when dry, readily combine

with ammonia without undergoing decomposition.
On being heated, zinc hydroxide loses water, and is converted into

white zinc oxide, ZnO. The same compound is obtained by heating
metallic zinc in the air

;
in this way it is prepared on the large scale

for use as a pigment under the name zinc white.

Over white lead, which is employed for similar purposes, zinc white

has the advantage of being less poisonous, and of remaining white even

in an atmosphere containing sulphuretted hydrogen, whereas the former

becomes dark in colour. White-lead, however, has a better covering

power, since it has a considerably higher coefficient of refraction than

zinc white, and for this reason it is still often preferred.
The use of colourless substances, as white paints, depends on the

fact that in the small particles of which the paint consists the light

undergoes repeated refraction, and is ultimately totally reflected. This

total reflection effects the
"
covering

"
power, i.e. the opacity of the

layer. Of the variously directed rays in an opaque body, the number
of those which are totally reflected is all the greater, the greater the

index of refraction, because the angle at which the light rays can still

pass through decreases in the same proportion. Hence proportionately
thin layers suffice in order to reflect all the incident light.

Zinc oxide is white in the cold, but appears yellow when hot
;
on

cooling it again acquires a white colour. This colour-change must not

be regarded as a sign of the conversion of the zinc oxide into another,

perhaps allotropic, condition, for it does not take place suddenly, as in

such a case it would do, but gradually. It is solely due to the fact

that the region in which zinc oxide absorbs rays moves, on heating,
from the ultra-violet portion of the spectrum, in which it is situated at

the ordinary temperature, towards the visible violet portion. This is
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a very general phenomenon, viz. that the region of absorption of rays

changes in the above sense with the temperature. White substances

become yellow on being heated, yellow ones red (p. 81), and red ones

brown
;
blue and green substances, on the other hand, generally undergo

no marked change of colour on heating. Conversely, yellow and red

substances (with the exception of organic dyes) become more pale, or

even colourless, on being cooled, say in liquid air.

646. Zinc Chloride, ZnCl
2 ,

is a white readily soluble salt, which

boils as low as 730, and can be easily obtained in the dry or wet way
by the action of hydrochloric acid on zinc or zinc oxide. On being

evaporated to dryness, the aqueous solution loses hydrochloric acid.

The product can be again freed from oxygen by distillation in a current

of hydrogen chloride or by the electrolysis of the fused salt, the spongy
zinc which separates out acting as a purifying agent. Zinc chloride

melts very readily to a clear, strongly refracting liquid.

Zinc chloride is used as a preventive of the destruction of wood by
micro-organisms and fungi, e.g. in the case of railway sleepers. Further,

it is used as a flux for soft solder. In this case its action is due to its

power of dissolving metallic oxides.

A concentrated solution of zinc chloride dissolves large quantities
OTT

of zinc oxide. From the solution an oxychloride, Zn
ni , crystallises
\j\.

out. If the solution is very concentrated, the whole solidifies to a

hard mass of oxychloride. This phenomenon is made use of for the

preparation of a cement, a solution of zinc chloride of syrupy con-

sistency being rubbed together with zinc oxide shortly before it is

required for use.

On diluting the solution containing the oxychloride with water,

that substance (or, in the case of very dilute solutions, zinc hydroxide)
is precipitated. Since almost all commercial zinc chloride contains

oxychloride, i.e. has lost hydrogen chloride on evaporation to dryness,
the same phenomenon is there met with, the salt yielding a turbid

solution, or, on dilution, depositing a white precipitate.
The formation of a basic precipitate is also promoted by the hydro-

lytic decomposition of the zinc chloride in the solution. On account

of the feebly basic properties of the hydroxide, this decomposition is

rather considerable, and manifests itself, in the acid reaction exhibited

by the solutions of all zinc salts.

647. Zinc Sulphate, or zinc vitriol, ZnS04 , generally crystallises

with 7H2
in the rhombic forms of magnesium sulphate. According

to the temperature, however, it can crystallise with other amounts of

water, and in other forms. It is a colourless salt, very readily soluble

in water, and can be obtained by the action of sulphuric acid on zinc

oxide or metallic zinc
;

it is employed in the arts and in medicine. It

forms, with the sulphates of potassium and ammonium, double salts

containing 6H20.
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648. Zinc Carbonate, ZnC03 ,
occurs naturally as calamine, and

is a highly valued zinc ore. It crystallises in rhombohedra, which are

isomorphous with those of calc-spar. As in the case of magnesia, basic

carbonates, varying with the temperature and the dilution, are mostly
obtained by precipitating aqueous solutions of zinc salts with alkali

carbonates. They are converted into zinc oxide by ignition. Pre-

cipitation as carbonate, and weighing as oxide, are used for the analytical
determination of zinc.

649. Zinc Silicate also occurs naturally as siliceous calamine. It

is also used in the manufacture of zinc.

650. Zinc Sulphide, ZnS, is obtained as a white hydrated pre-

cipitate by the addition of ammonium sulphide to zinc salts. Of the

better known heavy metals zinc is the only one which forms a white

sulphide ;
this serves as a convenient characteristic in analysis. Zinc

sulphide is soluble in dilute acids with liberation of sulphuretted

hydrogen. The reaction takes place in a manner similar to that in

the case of iron sulphide (p. 608), but with the difference that zinc

sulphide is considerably less soluble. This is the reason why a neutral

solution of zinc sulphate or zinc chloride is precipitated by sulphuretted

hydrogen ;
not until a pretty considerable portion of the salt has

undergone double decomposition does the concentration of the hydrion

produced reach such a value as to hinder further precipitation. If the

concentration of the hydrion is raised to this value to start with, by
the addition of hydrochloric or sulphuric acid, no precipitation is pro-
duced by sulphuretted hydrogen. For equilibrium depends only on
the relative concentrations existing in the solution, and not on the

amount of the solid substances.

If, however, by suitable means the concentration of the hydrion is

kept so low that the state of equilibrium is not reached, the zinc can

be almost completely precipitated from acid solutions. As has been

mentioned several times, this is brought about by the addition of an

acetate. The acetanion present then withdraws the hydrion produced
in order to form undissociated acetic acid, and only a very small portion
of the hydrion escapes this combination.

If in this manner zinc is precipitated from acetic acid solution in

presence of cobalt and nickel, white zinc sulphide is first deposited,
and black cobalt sulphide and nickel sulphide do not make their appear-
ance till later. In this way the presence of the zinc along with those

other metals can be detected in analysis.

In nature, zinc sulphide occurs in brown to black masses, and is

called zinc blende, or simply blende. It is an important zinc ore. The

sulphur is removed by roasting, and the oxide formed is reduced with

charcoal. The process which occurs in the roasting is represented by
the equation 2ZnS + 302

= 2ZnO + 2S02 . The sulphur dioxide thereby

produced is used for the preparation of sulphuric acid. This is

done not only for the sake of utilising it, but also in order that it
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may not escape into the air and exert its destructive action on plant

growth.
651. Cadmium. This element, which is very similar to zinc,

occurs in comparatively small amount in nature, associated with that

metal. As it is more readily volatile than zinc, it collects in the first

portions of the distillate in the preparation of the latter. It is a bluish-

white metal, almost as soft as lead
;

it melts at 320 and boils at 770.

Its vapour density points to a molar weight which is equal to the

combining weight, Cd = 112-4; the formula of the element in the

vaporous state is therefore Cd, similarly to zinc.

, Cadmium forms only one elementary ion, bivalent cadmion, Cd".

The metal dissolves, although very slowly, in aqueous acids with forma-

tion of this ion. Cadmion is colourless, and acts as a rather virulent

poison on the lower and higher organisms. Its heat of formation from

the metal is 77 kj.

The cadmium salts in aqueous solution are distinguished by the

fact that many of them are considerably less dissociated into ions than

the corresponding salts of the other bivalent cations. This is especially

noticeable in the case of the halogen compounds.
From the aqueous solutions of the cadmium salts alkali hydroxides

precipitate white cadmium hydroxide, which is insoluble in an excess of

the precipitant. This is in agreement with the general increase of the

basic properties with increasing combining weight in the case of similar

elements. Cadmium hydroxide is soluble in excess of ammonia. The

solution contains complex cadmium-ammonia ions, Cd(NH3) n".

By heating the hydroxide, and by the combustion of the metal in

the air, cadmium oxide is obtained as a brown powder, which readily

dissolves in acids to form cadmium salts.

Of the salts the sulphate should be mentioned. This still exhibits

some similarity to the sulphates of the magnesium series, but also

considerable divergence. Thus, it crystallises at the ordinary tempera-
ture in accordance with the formula 3(CdS04) . 8H20, for which there

is no analogy known in the case of the true
"

vitriols." The formation

also o the typical double salt with potassium or ammonium sulphate
does not take place quite readily.

The sulphate is readily soluble in water
;

in the case of the salt

with -f
molecules of water of crystallisation the temperature has very

little influence on the solubility. It is used in medicine, and is also

employed for the construction of electrical
"
standard cells."

The halogen compounds of cadmium exhibit especially clearly the

above-mentioned slight dissociation in aqueous solution. Of the three

compounds, cadmium chloride is most, cadmium iodide least, dissociated.

The latter salt forms crystalline laminae of a pearly lustre, which are

soluble in alcohol. On account of this property it is employed in

photography as an iodising salt.

Apart from the small conductivity, the following experiment
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demonstrates very clearly the slight degree of dissociation of cadmium
iodide. If cadmium hydroxide is brought together with water and
litmus or phenolphthalein, no alkaline reaction can be detected, because

the hydroxide is too slightly soluble. The same thing is observed on

using a solution of potassium nitrate or sulphate instead of water. If

we take a neutral solution of potassium iodide, however, a strong
alkaline reaction is obtained on shaking up. The reason of this is that

the cadmion which passes into solution from the hydroxide is converted

into undissociated cadmium iodide. A fresh quantity of hydroxide
must therefore pass into solution, and this must go on till equilibrium
is attained. In this process the hydroxidion of the hydroxide remains

over (along with kalion from the potassium iodide) and the solution

must exhibit the reaction of hydroxidion, i.e. must react alkaline. In

formulae we have Cd(OH)2 + 2r-CdI?
+ 20H'.

652. Cadmium Sulphide, CdS, is obtained as a fine yellow pre-

cipitate on passing sulphuretted hydrogen into a neutral solution of

a cadmium salt. If the solution is acidified, precipitation occurs

nevertheless, and a very considerable amount of acid must be added
before sulphuretted hydrogen ceases to produce a precipitate. Similar

chemical equilibria are obtained to those described in the case of zinc

sulphide (p. 655), with this difference, however, that the concentration

of hydrion necessary for equilibrium must be very much greater than

in the case of zinc.

If we have a solution in which cadmium sulphide has just been

formed, and we add potassium iodide (or any salt containing iodidion),

the cadmium sulphide immediately passes into solution. The reason

of this is again that owing to the formation of undissociated cadmium

iodide, cadmion disappears from the solution, and must be replaced by
the solution of a fresh portion of the precipitate.

On account of its pure yellow colour, cadmium sulphide is used in

painting under the simple name "
cadmium," since other cadmium

compounds are not employed as pigments.
An amalgam of cadmium and mercury is employed by dentists

as a filling for teeth, because it possesses the property of being soft

and easily moulded for a short time after being prepared, but of very
soon solidifying to a coherent, hard mass. This depends on the fact

that the compound of the two metals is a crystalline substance, which

is hard at the ordinary temperature, but which can be easily super-
cooled. In the soft mass, therefore, we have a superfused amalgam.
When crystallisation has commenced it proceeds slowly through the

whole mass, which thereby becomes hard.

2U



CHAPTER XXXV

COPPER

653. General. Between the metals of the new group, which is called

after copper, and those of the former groups, many points of relation-

ship exist. The circumstance that most of the heavy metals can form

several series of compounds, i.e. ions of different valency, causes a

crossing and interweaving of these mutual relationships which render

it impossible to draw up a simple list of the elements in such a way
that the most nearly related always stand together. For indeed, on

following out one of the existing series, other ones must be interrupted ;

for the sum of these mutual relationships cannot be represented

by means of a straight line, but only as a much-branched river

system, or still better, perhaps, as an arterial system exhibiting manifold

anastomosis.

Thus in copper we have, on the one hand, a metal which in certain

compounds shows itself to be related to the elements of the magnesium
and iron series, while other compounds exhibit close relationships
to silver and mercury. We have already frequently met with such

ambiguity of behaviour, e.g. in the case of iron, and especially of

manganese ;
it points to the fact that a systematisation of the chemical

elements according to a single scheme is impossible, for a really exhaus-

tive system must necessarily contain all the existing relationships,
and must, therefore, be of such a form that these diversities receive

adequate expression. The satisfactory solution of this problem has

not as yet been attained, and we must at the present time get over

the difficulty by pointing out, when necessary, the various relationships

existing.

654. Copper. Of the heavy metals already discussed, copper is

the first that is found in any considerable quantity in the metallic state

on the earth, and it belongs, therefore, together with silver and gold,
to the metallic elements which have been longest known. It is dis-

tinguished from all other metals by its bright red colour, which, how-

ever, is seen only on fresh surfaces. Even in a very short time these

become covered with a dark coating of oxygen or sulphur compounds,
658
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which although it does not destroy the metallic lustre, changes the

rose-red colour of the pure metal into the brown-red, which is usually
called copper-red.

Copper melts at 1080, has the density 8-9, and is, at the ordinary

temperature, a tenacious metal which can be moulded mechanically,
and which resists well the influences of the atmosphere and of moisture.

On being exposed for a lengthened period to moist air, it is true, it

becomes covered with a layer of oxygen compounds ; this, however,
remains very thin, and effectually protects the metal underneath. At
a red heat copper combines fairly rapidly with oxygen to form a black,

brittle oxide, which readily breaks off in scales and exposes the under-

lying metal to fresh attack.

On account of its chemical resistibility, its good mechanical pro-

perties, and its melting point, copper is largely employed for utensils

of all kinds. Another very extended sphere of application of copper

depends on its great conductivity for the electric current. In this

respect it is superior to all other accessible metals (silver is alone

superior to it), and very large quantities of it are therefore em-

ployed in electrotechnics. For this purpose it must be very pure,
since the conductivity is greatly lowered even by very small amounts
of foreign metals.

Besides being used in the pure state, copper is also extensively

employed for alloys. Brass has already been mentioned
; others will

be given later.

The combining weight of copper is Cu = 63-57.

655. The Ions of Copper. Copper forms two kinds of elementary
ions, the univalent monocuprion, Cu', and the bivalent dicuprion,
Cu". The latter is allied to the bivalent ions previously described,

the former belongs to a new type. Of the two, the bivalent one is by
far the most frequent and better known, and, for that reason, shall be

first described.

The formation of dicuprion from metallic copper does not take

place nearly so readily as that of the ions of the metals hitherto described.

Without the co-operation of the atmospheric oxygen, dilute acids have

no appreciable action on metallic copper, and only nitric acid or hot

concentrated sulphuric acid has a solvent action, whereby not

hydrogen but a reduction product of the particular acid is evolved.

On the other hand, hydrogen gas acts on solutions of copper

salts, eliminating copper from them with the simultaneous formation

of free acid.

Under ordinary conditions, this reaction occurs so slowly that

it cannot be detected. If, however, the action of the hydrogen is

accelerated by the presence of a catalyst, e.g. metallic platinum, the

action can be detected.

The solution of metals in nitric acid is accompanied by the reduction

of a portion of the acid. The process can be referred to the scheme
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given on p. 629, if we write nitric acid as a hydroxyl compound of

pentavalent nitrogen. The series is :

Nitric acid, HN03 + 2H2
= N(OH)5

Nitrogen peroxide, NO 2 + 2H2
= N(OH)4

Nitrous acid, HN0 2 + H2 =N(OH)3

Nitric oxide, NO + H2O =N(OH )2

Hyponitrous acid, H2N2 2

In the oxidising action of nitric acid, from one to four oxidation

units can take part, depending on which of the lower members the acid

is converted into, and the equation has to be written accordingly. If,

for example, it is desired to express the oxidation of copper to dicuprion
with formation of nitric oxide (which is the predominant reaction

on treating copper with nitric acid), we have the following. Each

mole of copper requires two units in order to pass into dicuprion ;
one

mole of nitric acid, however, yields three units. Consequently, we
must allow two moles of nitric acid to react with three of copper.
The three moles of copper, however, require further six moles of nitric

acid in order to pass into normal nitrate
; altogether, then, eight moles

of nitric acid act on three of copper :

3Cu + 8HN03
= 3Cu(N03)2 + 2NO + 4H20.

Similarly, it is found that sulphuric acid on passing into sulphurous

acid, yields two oxidation units, and these are exactly sufficient to

convert one mole of copper into dicuprion. One mole more of

sulphuric acid serves for the formation of the salt, so that we finally

have
Cu + 2H2S04

= CuS04 + S02 + 2H20.

In its solutions, dicuprion is greenish-blue in colour. If any other

colour is shown by a cupric salt, we must conclude that the undis-

sociated portion of the salt is also coloured. This is, as a matter of

fact, often the case.

For the higher organisms, dicuprion is a rather powerful poison,
while moulds, for example, can flourish in presence of copper salts.

The heat of formation of dicuprion from the metal amounts to

- 66 kj ;
it is therefore negative, while that of the metallic cations

hitherto considered was positive. The difficulty of the formation of

the ion from the metal, and the ease of the reverse transformation,

which we meet with in the case of copper, are connected with this fact.

656. Copper Hydroxide. From the solutions of cupric salts,

strong bases precipitate cupric hydroxide, Cu(OH)2 ,
as a bright-blue

substance, which on being kept for some time under the solution, more

quickly on heating, becomes dark brown, at the same time losing water

and passing into cupric oxide, CuO. It may be asked how it is possible

for a substance to lose water while lying under water, of which it has

therefore as much at its disposal as it requires. The answer is that
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cupric hydroxide is not at all a stable compound at the ordinary and
at higher temperatures, and the fact that it is produced before the form

which is most stable under the conditions, viz. copper oxide and water,

is a case of the law of the prior formation of the unstable forms.

Copper hydroxide is not soluble in alkalis except in very small

amount, when the solvent is very concentrated. In the presence of

many organic substances it dissolves with formation of complex com-

pounds of dark-blue colour. Ammonia also precipitates cupric salts

with formation of hydroxide ;
an excess, however, again effects solu-

tion. The liquid thereby becomes of a dark cornflower blue. This

is a sign that a new ion has been produced ;
as a matter of fact, from

the dark-blue solutions salts can be obtained in the solid state contain-

ing the cation Cu(NH3)4".

Copper hydroxide is not a strong base
;

it is one of the weakest of

the hydroxides of the bivalent ions. This is shown in the distinct

hydrolysis of its salts, in consequence of which the solutions of the

salts of strong acids all react acid. Cupric salts of weak acids exhibit

phenomena of decomposition ; some, e.g. the carbonate, cannot be

obtained at all in the normal condition, but only salts containing

hydroxyl, or basic salts, are known.

Besides being formed by the decomposition of cupric salts, copper
oxide is also obtained by the direct oxidation of copper in the air at a

low red heat. Cuprous oxide, the anhydride of cuprous hydroxide

(vide infra), is first formed, but this also passes into cupric oxide under

the above conditions.

Copper oxide is very readily reduced to the metal by means of

hydrogen with production of water. It has already been mentioned

that this reaction was used in order to determine the ratio of combina-

tion between hydrogen and oxygen. This same property of ready

reducibility conditions the use of copper oxide in organic elementary

analysis. The substance to be investigated is mixed with excess of

copper oxide, the mixture placed in a tube and the whole heated, after

absorption apparatus for water (calcium chloride) and for carbon

dioxide (caustic potash or soda lime) have been attached. By means

of the oxygen of the copper oxide the carbon of the organic compound
is burned to carbon dioxide, the hydrogen to water. These products
are collected and weighed, and from this the amount of the above

elements contained in the organic compound (also weighed) can be.

determined.

Any nitrogen which is present is evolved in the free state, and the

amount can also be determined by collecting and measuring the gas.

657. Cupric Chloride. Anhydrous cupric chloride, CuCl2 ,
is

formed by the combustion of copper in a current of chlorine, as a

yellow-brown powder which dissolves in anhydrous solvents with a

dark-yellow colour, whereas its aqueous solution is blue or green,

according to the concentration. From the solution the salt with
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2H
2 crystallises out

;
on account of adhering mother liquor, this

generally appears green, but in the pure state it is bright blue. The

hydrated salt on being heated loses hydrogen chloride along with the

water, like many of the other chlorides of this group, and is converted

into an oxychloride. The anhydrous salt experiences the same trans-

formation on being heated in oxygen ;
chlorine is evolved at the same

time: 4CuCl2 + 2
= 2Cu2OCl2 + 2Cl2 . By means of hydrogen chloride,

the oxychloride is again converted into the chloride : Cu2OCl2 + 2HC1 =
2CuCl2 +H20. This reaction is made use of for the manufacture of

chlorine
;

the catalytic acceleration of the oxidation of hydrogen
chloride with free oxygen (p. 194), also, is attributed to the alternate

occurrence of these two processes in the mixture of oxygen and hydrogen
chloride, but this view still lacks experimental foundation.

Concentrated aqueous solutions of copper chloride appear green.
If fuming hydrochloric acid is added, a yellow-brown liquid is obtained.

The latter colour is the individual colour of the undissociated copper
chloride, the dissociation of which is reduced almost to zero by the

large excess of chloridion. So long as considerable amounts of undis-

sociated salt are present in the fairly concentrated solutions, the mixed
colour formed by the yellow of the chloride and the blue of the dicuprion
is produced. Very dilute solutions in which the dicuprion predominates,
exhibit the blue colour of that ion. On being heated, dissociation

is diminished
;

the yellow colour of the undissociated salt appears
also to become more intense (p. 654), so that, for this reason also,

the solutions change colour towards the green. If we write with a

solution of copper chloride on paper, the characters become yellow
on being heated at those parts where the strongly-coloured anhydrous
salt is formed, and on -cooling disappear again where the pale-blue
coloured hydrated salt is formed through the attraction of moisture

from the air. The solution can therefore also be used as a
"
sympathetic

ink
"

(p. 643), but must not be applied with a steel pen, because iron

acts on solutions of copper with precipitation of this metal.

As has just been mentioned, cupric chloride readily forms oxy-
chlorides with loss of chlorine. These compounds vary in composition
according to the conditions of formation. The one best characterised

is the compound Cu2Cl(OH)3,
which occurs in nature as atacamite, and

is also readily formed where chlorine compounds, water and oxygen,
act on copper. It is a bright-green substance which forms rhombic

crystals, and is scarcely soluble in water. It dissolves readily in acids

and in ammonia, as indeed could be expected from its composition.
658. Copper Sulphate. Cupric sulphate or copper vitriol, CuS04 ,

is obtained on the large scale by the oxidation of naturally occurring

sulphur compounds of copper. It is a salt which crystallises in blue

triclinic crystals with 5H20, and which is similar to the other
"
vitriols

"

in its properties. According to the temperature, the salt takes up other

quantities of water and exhibits forms which occur in the case of the
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sulphates of other bivalent metals (cf. p. 600). It also crystallises

along with potassium and ammonium sulphate in double salts with

6H
2
0. The water of crystallisation passes off fairly readily, a salt

with 1H2 at first remaining behind, which is more difficult to dehydrate.
The anhydrous sulphate is dirty white in colour

;
in the air it absorbs

water and again becomes blue. The dehydrated copper sulphate
is sometimes used as a desiccating agent, especially for liquids, on

account of the convenience of being able to tell when the desiccation

is complete, from the non-appearance of the blue colour in freshly

added sulphate.
If an electric current is passed through a solution of copper sulphate,

metallic copper is deposited as a coherent coating on the cathode. As

it is particularly easy to obtain a good precipitate with copper (p. 647),

the process is made use of not only for coating other objects with

copper, but also for shaping objects in copper, and thus of producing
a sort of cold metallic casting. The deposit fills out very exactly
the form of the cathode, and when it has acquired a certain thickness

it can be removed as a coherent mass. For this reason it is used for

taking casts of printing blocks. These are first cut in wood and then

cast in warm gutta-percha or in very readily fusible metal (cf . bismuth),
and the cast is then made the cathode of an electric current in a solu-

tion of copper sulphate. The anode consists of copper in order that the

amount of copper contained in the solution shall remain unchanged

(p. 648). Non-conducting casts, such as those of gutta-percha or

gypsum, are first covered with a conducting layer, e.g. by rubbing with

graphite.
The same process is made use of for the purpose of purifying im-

pure copper. The impure copper is then made the anode, and a thin

sheet of pure copper is used for the cathode. On this, very pure copper,
"

electrolytic copper," is deposited if a current of very small potential
is employed, for the impurities either are not dissolved, but sink to

the bottom as
"
anode mud," or they are not separated out at the

cathode (e.g. iron), and must be removed from thejsolution when they
have accumulated too much. The copper, for example, which is used

for electrical purposes, and which must be very pure, is treated in

this way.
One can spare one's, self the special generation of an electric current

by making the separation of copper a part of the reactions in a voltaic

cell. As a matter of fact, the process of electrical copper casting,

electrotyping, was discovered through copper sulphate being used as an

oxidising agent in a voltaic cell, whereby the deposited copper took

the exact shape of the cathode.

Such a cell is represented in Fig. 123. K is the cathode of copper,
P a porous cell of fired clay which allows the current to pass but checks

the mixing of the liquids, and Z is an anode of metallic zinc. K is

surrounded by a solution of copper sulphate, Z by a solution of zinc
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sulphate. When, then, K and Z are connected by a metallic con-

ductor L, the deposition of copper on K occurs, while an equivalent
amount of zinc is at the same time dissolved from Z. During this

process an electric current passes through the conductor in the direction

of the arrow, and can be easily detected and measured by inserting a

current indicator in the circuit.

The chemical process, therefore, consists in metallic copper being

deposited from the copper sulphate and zinc dissolving to zinc sulphate.
If we write the equation of the ions, we have first of all : Cu" + S04

" +
Zn = Cu + Zn" + S04

"
; omitting on either side the ion S04", which

remains unchanged, we obtain Cu" + Zn = Cu + Zn". The process,

therefore, simply consists in the copper
and zinc exchanging their role as ions,

or, since the ionic state is determined

by the positive electrical charge, in

the cuprion yielding up its charge to

the zinc, which thereby passes into

zincion, while the copper is deposited
in the metallic state.

This process immediately occurs

when metallic zinc is introduced into

a solution of copper sulphate ; copper
is deposited and zinc is dissolved. An
electrical current cannot, however, be

obtained in this way. The reason of

this is that the transference of the

charges takes place everywhere within

the liquid, so that it is not possible
to lay hold of and conduct the electri-

cal movement. In the arrangement
shown in Fig. 123, which is called

after its discoverer, the Daniell cell,

the solution of the ^;inc and the deposition of the copper take place at

separate points, and this becomes possible only when the necessary

equalisation of electricity occurs through the medium of the liquid on
the one hand, and of the conductor L on the other.

659. Voltaic Cells. In order that the above process, whereby an
electric current is generated in the Daniell cell, may occur, it is evident

that the reactions on which the cell is based should occur even with-

out this special arrangement, since there would otherwise be no cause

to make the process take place. Now, however, only those processes
occur in which free energy is available

;
a voltaic cell is therefore an

apparatus by means of which free chemical energy is converted into

free electrical energy.
It will therefore be possible to construct other cells after the pattern

of the Daniell, by replacing the zinc and the copper by other metals

FIG. 123.
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placed in solutions of their salts and connected with one another.

This is, as a matter of fact, the case
;

with every such combination

a cell is obtained in which one of the metals is reduced from its salt

and deposited in the metallic state, while the other is oxidised, i.e.

is dissolved as ion. Which of the two connected metals will assume

one or the other role, is found by introducing each metal into the

solution of the other
;
one of the metals will then precipitate the other

from its solution, while the other metal will leave the solution of the

first unchanged. The precipitating metal is then always the anode,

which also dissolves in the cell the same as in the direct experiment,
and the precipitated metal is the cathode, for it is deposited in the

cell in the same way as in the direct action. From these experiments
it is found that a given metal can both precipitate and be precipitated ;

cadmium eliminates copper from solutions of copper salts, but is de-

posited from its solutions in the metallic state by zinc.

The law which obtains here can be expressed as follows : It is

possible to arrange all the metals in a single series in such a way that each

precipitates all the metals following from their aqueous solutions, but is

precipitated by each of the preceding ones. On account of the electrical

relations of this series, to be presently mentioned, it is called the potential

series of the metals.

660. Electrical Potential. The work which an electric current

can perform depends not only on the strength of the current or the

amount of electricity which in unit of time passes through a section

of the conductor, but on another magnitude as well, which is called

the potential, the unit of which, fixed once for all, is called the volt.

Thus an electric incandescent lamp, which is supplied by a current

of one ampere (p. 221) at a potential of 50 volts, gives the same light

as a lamp which uses a current of 5 amperes at 10 volts, while at a

potential of 200 volts a current of 0-25 ampere is sufficient to produce
the same effect.

From this example it is at once seen that the electrical work of a

current is measured by the product of strength of current and potential.

This has a great similarity to the performance of work by a falling mass

of water
;

in this case also the work depends on the quantity of the

water, and on the height of fall, and the amount of work which can

be obtained with the same quantity of water is all the greater, the

greater the height through which the water falls. To the quantity of

water there corresponds the magnitude, which has been called quantity

of electricity, and which can be measured, in accordance with Faraday's

law (p. 220), by the amount of substance separated electrolytically on

inserting an electrolytic cell in the circuit. To the height offall there

corresponds the property of electrical energy, which has just been

called potential. The product of volt and ampere, which represents

the work done in a second (because an ampere is a unit of electricity

per second), is called a watt. A watt is equal to the work of 10 7
ergs
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(p. 31) in the second, and is therefore approximately equal to the work
which is performed by a waterfall in which'100 gm. of water fall through
a height of 1 metre in a second

;
it is therefore a rather small magnitude.

For technical purposes, therefore, a unit a thousand times as large
is generally employed, viz. the kilowatt, which is equal to 1010 ergs in

the second.

661. The Potential of Cells. If we imagine various voltaic cells

constructed after the pattern of the Daniell, in which zinc is always
used as one metal along with various other metals, e.g. cadmium,

copper, and silver immersed in solutions of their salts, each of these

cells will be able to yield a current and perform work. In the process,
zinc will dissolve and the other metal will be precipitated. If we
allow each of the cells to do work until a definite amount of zinc, e.g.

one mole, has been dissolved, the amounts of work will be different in

the different cells, for the chemical energy which becomes available in

the case of each is different. It will be greatest in the case of the

silver-zinc cell and least in the cadmium-zinc cell, for of the three

metals, silver is the easiest, cadmium the most difficult to reduce
;

of

the work, therefore, which the zinc can perform in passing into zincion,

most will remain over for the current in the case of the silver cell and
least in the cadmium one.

The quantities of electricity, however, which are set in motion for

the current by the solution of equal amounts of zinc in the different

cells, are in all cases equal, since, according to Faraday's law, equal
amounts of electricity must be transported with equal amounts of

zinc, independently of what work the current otherwise performs.
Since the amounts of work in the cells are necessarily different, the

above differences must find their expression in the other factor of

electrical work, i.e. the potentials of the cells must be different. This

is shown by measurement to be the case
;

if such cells are constructed

and their potentials measured with a volt-meter (an instrument which
allows of the potential being read off directly by means of a pointer),
the following values are obtained :

Silver-zinc . . . ... . 1-57 volts

Copper-zinc . . ... . 1-10

Cadmium-zinc . . . . v . . 0-35 volt

The above considerations can be extended. According to Faraday's
law, the amounts of electricity which are set in motion are equal not

only for equal amounts of zinc, but also for equivalent amounts of all

ions whatever (p. 222). The potential of the cells is therefore in all

cases the measure of their power of doing chemical and electrical work,
or the measure of the free energy of the chemical reaction occurring
in the cell. Indeed, the measurement of the electrical potential is at

the present time the most fruitful method of determining this important
and not easily accessible magnitude.
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On constructing cells containing the above three metals and also

the other possible cells, the following values of the potentials are

obtained :

Silver-copper 0-47 volt

Silver-cadmium . ... . . .1-22 volts

Copper-cadmium . . . . .0-75 volt

On comparing these values with the former, it is found that the

potential of the combination silver-zinc is equal to the sum of the

potentials silver-copper plus copper-zinc or silver-cadmium plus

cadmium-zinc, etc. Writing the values

Silver = 1-57 volts

Copper = 1-10

Cadmium = 0-35 volt
Zinc = 0-00

we find that the potential of any combination of these metals is equal
to the difference of the corresponding numbers. These numbers may
therefore be called the potentials of the single metals, in which case,

certainly, the zero, Zn = 0, has been arbitrarily chosen. This, however,
has no influence on the result, for if any other metal is put equal to

zero, and the corresponding values of the potential are calculated

with due regard to the sign, another series is obtained which exhibits

the same differences between the separate members, and has the same

meaning, therefore, as the former series.

This series is the numerical expression of the potential series (p. 665) ;

it is the expression of a fundamental property of the metals.

The numbers depend on the temperatures, but their relative positions
do not greatly change within the range of temperatures investigated ;

as regards this point, however, our knowledge is as yet rather scanty.
The following table gives a more complete list of potentials. In

this case zinc has not been taken as the zero, but another zero has

been chosen which gives expression to the actual change of the free

energy in the passage from the metallic to the ionic state. We cannot

explain here how this zero has been derived, and this is of no importance,
in the first instance, since we are concerned only with the differences,

and these are independent of the zero.

Caesium Tin
Rubidium Lead -0-10 volt

Potassium +5 volts Hydrogen -0-25
Sodium 3 , Antimony
Magnesium 1-24

Aluminium 1-03

Manganese 0-82 volt Copper -0-59
Zinc 0-51

Cadmium 0-16

Thallium 0-11

Iron 0-09

Cobalt - 0-02

Nickel - 0-02

Bismuth
Arsenic

Mercury - 1-03 volts

Silver -1-06
Palladium - 1-07

Platinum
Gold
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Where no number is given, only the position of the metal in the

series is known, but not the numerical value of the potential.

662. Copper Nitrate crystallises in blue crystals containing 3 and

6 H20, and cannot be freed from its water of crystallisation without

at the same time losing acid. The basic copper nitrate, Cu2(N03)(OH)3 ,

is obtained by the action of copper carbonate on the normal nitrate, or

by the partial precipitation of the latter with a carbonate (the carbonic

acid of which escapes) ;
it is a blue-green powder very sparingly soluble

in water, the composition of which corresponds to that of atacamite,

and which is remarkable as being one of the few nitrates which are

sparingly soluble in water.

If some crystals of the hydrated, normal copper nitrate are wrapped
in tinfoil, the latter is oxidised, and a vigorous reaction takes place
with scintillations. The same reaction has sometimes given rise to

dangerous fires in powder manufactories, where copper nitrate can be

formed by the action of saltpetre on the metal of the vessels.

663. Copper Carbonate. On precipitating solutions of a copper
salt with carbonates, blue to green precipitates of basic copper carbonate

are obtained
;

the corresponding reactions were explained in the case

of magnesium (p. 566). In nature, also, normal copper carbonate

does not occur, but only the basic salt. Malachite, a green mineral

which is used for objects of art, has the composition Cu2(C03)(OH) 2 ;

azurite, a dark-blue basic carbonate, which has a similar application, is

Cu3(C03 )2(OH)2
. Both are valuable copper ores.

664. Copper Acetate, Cu(C2H3 2 )2 + H20. This salt has long
been known by the name verdigris.

1 It is obtained by alternately

covering copper plates with residues from the preparation of wine and

exposing to oxidation by the atmospheric oxygen. By means of the

latter, acetic acid is formed from the alcohol of the residues, and the

copper is converted into the acetate. This is deposited as the basic

salt on the copper plates in bluish-green masses, and is placed in this

form on the market for use as a pigment. The normal salt is obtained

by crystallisation from dilute acetic acid, and forms dark-green crystals,

which are also employed for painting and dyeing.
665. Copper Sulphide, CuS, occurs in nature as indigo copper or

covellite, and is formed by the precipitation of cupric compounds with

sulphuretted hydrogen. It is thus obtained as a brown-black powder
of not very constant composition, as it has a great tendency to pass
into cuprous sulphide, Cu2S, and free sulphur. It is practically in-

soluble in dilute acids
; cuprion can therefore be precipitated by

sulphuretted hydrogen from acid solutions, a behaviour which is made
use of for the analytical separation of copper (and the other metals of

this group) from those of the iron group.
On account of the above-mentioned indefiniteness of the com-

1 The coatings of basic carbonate which are formed on copper in the air are also

sometimes called verdigris.
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position, the precipitated copper sulphide cannot be weighed directly.

It is dissolved in nitric acid, and the nitrate produced is either pre-

cipitated with caustic potash, whereby brown copper oxide (p. 660)
is obtained, or it is decomposed by the electric current, whereby metallic

copper is deposited. , The copper sulphide can also be ignited in a

current of hydrogen, whereby cuprous sulphide, Cu2S, which has a

constant composition, is formed.

For the electrolytic deposition, the apparatus shown in Fig. 124

may be used. The solution is placed in a platinum dish, which is

made the cathode of an electric circuit (accumulator and resistance) ;

a thick platinum wire, coiled round several times, is employed as the

anode. The resistance is so regulated that a current of about 0-1

ampere per sq. cm. is obtained ; the copper then separates out in the

course of a few hours as a rose-red precipitate on the platinum.

FIG. 124.

666. Copper Ferrocyanide. Osmotic Pressure. When di-

cuprion and ferrocyanidion come together in aqueous solution, a red-

brown amorphous precipitate of cupric ferrocyanide, CugFe^N)^ is

produced, which, on account of its strong ^colour, can be detected even in

very small amount, and is therefore used for the identification of copper.
While the analytical importance of this substance is rather small,

it has, in another respect, attained to very great importance in the

development of chemistry. This is due to the following property.
If a porous clay cell is first soaked with a solution of copper sulphate,

and if this be then removed and a solution of potassium ferrocyanide

placed in the cell, a precipitate of copper ferrocyanide is formed in the

pores of the cell and closes this up in a special manner. If a cell of

this kind, such as was first prepared by W. Pfeffer in 1877, is filled with

pure water, it behaves essentially like any ordinary clay cell, for under

slight pressure the water flows through, only more slowly than when
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the precipitate is absent. If, however, instead of the pure water an

aqueous solution, e.g. of ordinary sugar, is placed in the cell, this does

not, in the first instance, filter through. If the pressure is increased,

percolation commences at a definite pressure, but it is not the sugar
solution that filters through, but pure water.

If the experiment is performed with different solutions of sugar,
it is found that a definite pressure is necessary in each case in order

that the water may pass through, and this pressure is proportional to

the concentration of the solution.

If, after being closed and a manometer attached, the cell is placed
in pure water, the latter continues to pass through the cell-wall until

the same pressure is produced as that under which the water could be

forced through the cell-wall.

Various other substances behave in a manner similar to sugar ;

they are kept back by the cell-wall and generate a pressure. There are

substances, however, which are not kept back by the cell-wall
; these,

also, do not generate a pressure (or only a comparatively small one,

when they are partially retained).

We must conclude, therefore, that the pressure is due to the dis-

solved substance ;
the water cannot give rise to it because it can pass

through the cell-wall.

On comparing solutions of different substances which do not pass

through the cell-wall, with respect to the pressure which they produce,
it is found that the same pressure is produced by those solutions the con-

centrations of which are in the ratio of the molar weights of the dissolved

substances. These pressures, therefore, which are called osmotic pres-

sures, could be used for the determination of the molar weight of dis-

solved substances, in the same manner as the depression of the freezing

point and the lowering of the vapour pressure (p. 183).

The temperature exercises an influence on the osmotic pressure ;

under ordinary conditions, the latter increases about Jrd per cent for

every degree.
On the whole, therefore, the osmotic pressure follows similar laws

to the gas pressure ;
the latter is also proportional to the concentration

or density of the gas (Boyle's law, p. 112), and for every degree increases

by 1/273, i.e. about Jrd per cent (Gay-Lussac's law, p. 113).

The resemblance, however, extends still further. If, for example,
the osmotic pressure is determined which is exerted by a definite

solution of carbon dioxide, it is found to be just as great as that exerted

by the same amount of carbon dioxide when it occupies in the gaseous
state the same volume as the solution. Thus far, therefore, a dissolved

substance behaves as a gas, and its osmotic pressure is represented by
the same formula, pv = RT, as the pressure of a gas ;

more especially,

also, the constant R has the same value. Now, it was stated on p. 133

that at a mole of every gas exerts a pressure of one atmosphere when
it occupies a volume of 22,400 c.c. or 224 lit. If a mole of any substance
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is dissolved to a volume of 22-4 lit., its solution exhibits at the osmotic

pressure of one atmosphere.
These laws are valid not only for aqueous solutions but for all

solvents. They have not, it is true, been proved by direct experiment
for the other solvents, but they have been indirectly. The discovery
of all these laws is due to J. H. van't HofE (1885).

On comparing the laws of osmotic pressure which have just been

enunciated with those of the changes of the freezing point and vapour
pressure (p. 183), a large measure of agreement is found. This is not

accidental, but can be established on theoretical grounds, so that if the

laws of, e.g., the depression of the freezing point are given, those of the

others, e.g. of the osmotic pressure, can be deduced from them. The
connection depends on the fact that each of these phenomena can be

used for the performance of a definite amount of work, and that in

virtue of the theorem of the impossibility of a perpetuum mobile of the

second kind (p. 61), the work yielded by a given change of state must
be the same in all cases, no matter in what way it is obtained. If

now the amount of work be calculated for the different cases (freezing,

vaporisation, filtration through a cell-wall) and the results compared,
the formulae are obtained by means of which the corresponding change
of the vapour pressure or of the freezing point can be calculated from

any measured value of the osmotic pressure, and vice versa. Thus it is

found that under comparable conditions the above three magnitudes
remain proportional to one another. 1

Finally, we must answer the question whether the laws of osmotic

pressure hold only for such cell-walls as are formed of copper ferro-

cyanide. The answer is that the laws have a general validity for all

septa which do not allow the dissolved substance to pass through.
This property of selective permeability is possessed, more especially,

by the walls of plant and animal cells, and with these the laws of

osmotic pressure have in many cases been tested, and partly, indeed,

discovered.

667. Cuprous Compounds. Compounds in which the copper

appears as univalent are numerous, although the corresponding
univalent cuprion, Cu', is scarcely known. In other words, com-

pounds belonging to such a univalent series are known in the solid

state, but not, in a state of purity, in solution.

In the oxidation of heated copper in the air, a red oxide is first

formed, the composition of which is Cu20, and which is therefore called

cuprous oxide. On being further heated in the air, it is converted into

black cupric oxide ;
on removing this black coating, however, from a

piece of oxidised copper, it is found to be generally red coloured on

the side next the metal, i.e. to consist of cuprous oxide.

The corresponding cuprous hydroxide, Cu2(OH)2,
or Cu(OH), is

1 Full information will be found in the author's Outlines of General Chemistry,
translated by Taylor (Macmillan).
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obtained as a brick-red powder by the decomposition of cuprous chloride,

to be presently mentioned, with caustic potash or soda.

In nature cuprous oxide occurs as red copper ore, and is a very

highly valued ore on account of its richness in copper ;
it can readily

be converted into metallic copper by reduction with charcoal.

Cuprous oxide is also formed as the pro'duct of reduction of Fehling's

solution with grape-sugar and similar substances (p. 675), and can be

prepared in this way. In moist air it is oxidised to cupric oxide or to

basic carbonate.

On treating cupric oxide or hydroxide with acids, not the corre-

sponding cuprous, but the cupric salts are generally formed, and half

of the copper is deposited in the metallic state as a blackish-red powder.
With sulphuric acid, for example, the reaction takes place according
to the equation Cu2 +H2S04

= Cu + CuS04 + H20. On considering
the ions the process can be interpreted as taking place in such a way
that cuprous sulphate is first formed, the monocuprion of which,

however, immediately undergoes transformation into dicuprion and

metallic copper : 2Cu' = Cu" + Cu. The solution contains dicuprion
to a preponderating extent, but it is in accordance with the general
relations to assume that it is a case of chemical equilibrium between

the two ions and the metallic copper, in which a large concentration

of dicuprion is opposed by a very slight concentration of monocuprion.
If instead of sulphuric acid a halogen hydracid, thiocyanic acid, or

some other acid which can form a very sparingly soluble cuprous salt,

is taken, the above decomposition does not take place, and the respec-
tive cuprous compounds are formed. This is explained by the fact

that monocuprion is present only in a negligibly small amount in the

solution produced, since, of course, the salts are sparingly soluble. The

decomposition of monocuprion into dicuprion and metal can therefore

take place only to an inappreciably slight extent.

668. Cuprous Chloride is a white salt, only very slightly soluble

in water ;
it can be obtained by boiling a solution of cupric chloride

in strong hydrochloric acid with copper powder. The colour at first

darkens, but a yellowish liquid is finally obtained, which on being

poured into much water deposits a snow-white precipitate of cuprous
chloride. This must be washed as far as possible with exclusion of air,

as it otherwise rapidly passes into cupric oxy-chloride (p. 662).

This reaction is the reverse of the one given before
;
whereas in the

previous case monocuprion decomposes into dicuprion and metallic

copper, we have in this case the reverse transformation of cupric salt

with metallic copper into cuprous salt. The reason is that in the

hydrochloric acid solution monocuprion is present only in very slight

amount
;
and further, the fact that cuprous chloride, which is almost

insoluble in water, dissolves in hydrochloric acid, proves that in this

case the chloride is either dissolved as such (without dissociation), or

that a compound of the two constituents, a hydrochlorocupric acid, has
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been formed. No investigation has as yet been carried out as to how
far the one or the other possibility predominates.

In ammonia also cuprous chloride dissolves to a colourless liquid,
in which cuproammonion, Cu(NH3)*, is contained. The chloride of

this ion, CuNH3Cl, can be obtained in colourless, regular crystals by
boiling a solution of ammonium chloride with copper powder and

allowing the liquid produced to cool slowly. The aqueous solution

becomes almost immediately blue in the air, oxygen being absorbed.

Both solutions of cuprous chloride, the acid as well as the

ammoniacal, absorb a considerable amount of carbon monoxide. This

appears to be rather firmly bound, but can be removed from the liquid

by continued pumping. We are dealing in this case with the formation

of a complex cation, similar to the complex ion produced from diferrion

and nitric oxide (p. 613), which, like this, is not very stable, and possesses
an appreciable dissociation pressure. The reaction is used for the

determination of carbon monoxide in gaseous mixtures, but must, for

the reasons just mentioned, be employed with some care.

669. Cuprous Bromide, CuBr, is very similar to cuprous chloride.

670. Cuprous Iodide is formed along with free iodine, when

dicuprion and iodidion come together in solution, according to the

equation 2Cu" + 41' = 2CuI + 1
2 . In this process we can regard the

dicuprion as losing a positive charge, and thereby neutralising the

negative charge of one iodidion. The monocuprion produced at once

forms solid cuprous iodide, with a second quantity of iodidion, and

separates out. If a reducing agent is added at the commencement,

whereby the dicuprion can be converted to monocuprion, cuprous,
iodide alone without free iodine is deposited. This is effected, for

example, by sulphurous acid or an acid solution of ferrous sulphate.
Since the cuprous iodide is soluble only to an exceedingly slight

extent, even very small quantities of iodine can in this way be separated
from a solution, and the method is employed commercially for obtain-

ing iodine from the mother liquors containing iodidion along with

comparatively large quantities of other halogens.

Cuprous iodide is a reddish -white heavy powder which yields

cupric oxide and iodine by distillation with pyrolusite, and potassium
iodide and cuprous oxide by boiling with caustic potash. It dissolves

in ammonia similarly to cuprous chloride.

The interaction between iodidion and dicuprion, described above,

does not occur instantaneously, but with a measurable velocity which

becomes very small with increasing dilution. Thus very dilute solutions

of copper sulphate and potassium iodide can be mixed without iodine

at once separating out. After some time, however, the cuprous iodide

begins to separate out, and free iodine makes its appearance. Chemical

equilibrium is then established between the substances present, and the

reaction can become complete only by the withdrawal of the one or

the other constituent from the solution.

2x
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671. Copper Thiocyanate, CuSCN, is allied to the substances

just described with respect to its slight solubility, and therefore also

the conditions of its formation. If thiocyananion and a reducing

agent, such as sulphurous acid, are introduced into a solution con-

taining dicuprion, white cuprous thiocyanate is deposited. The re-

action corresponds exactly to that described in the case of cuprous

iodide, so that it need not be again explained. It is made use of for

the separation of copper from other metals
;

the precipitated and

dried cuprous thiocyanate is mixed with sulphur and ignited in a

current of hydrogen, whereby it is converted into cuprous sulphide.

672. Other Cuprous Compounds. Cuprous sulphide occurs fairly

abundantly in nature as copper glance, and is an important copper ore.

It is a dark-coloured substance which forms rhombic crystals, fuses

fairly readily, and does not conduct electricity. Its formation from

cupric sulphide by heating in hydrogen has already been mentioned.

On being roasted in the air it is converted into a mixture of cupric

oxide and copper sulphate.

Dicuprion behaves towards cyanidion in the same way as towards

iodidion. If the two ions come together in solution free cyanogen
is evolved, and cuprous cyanide is deposited as a white precipitate :

2Cu" + 4CN' = 2CuCN + (CN)2 . This is a convenient method of obtain-

ing cyanogen gas. In order to have a copious evolution of gas it is

only necessary to heat together equivalent solutions of copper sulphate
and potassium cyanide.

673. Complex Copper Compounds. We have already spoken
of the formation of a complex compound of dicuprion and ammonia
which is characterised by the production of a dark-blue coloration in

the mixed solution. In this the new ion Cu(NH3 )4

"
is formed, the

salts of which are obtained by adding excess of ammonia to the solu-

tions of the respective copper salts.

Of these salts the best known is the sulphate, Cu(NH3)4S04 ,
which

is easily obtained by adding ammonia to a concentrated solution of

copper sulphate until the solution has again become quite clear, and

then pouring a layer of alcohol on the top. The salt is only very

slightly soluble in alcohol, and is deposited in well-formed, dark-blue

crystals as the alcohol slowly diffuses into the underlying liquid. In

the same way various other salts of the same ion can be obtained.

Solutions of these salts are used in combating certain parasites (mildew)
on vines.

Copper forms other complex compounds of a similar colour on

adding excess of alkali to cupric salts in presence of certain organic

compounds, e.g. sugar or tartaric acid. In this case also a dark-blue

liquid is produced from which a salt of the same colour can be obtained.

In these salts acids containing copper are present, the composition of

which depends on that of the substance employed, and cannot be

discussed here. In general the property of forming such compounds
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is found in the same organic hydroxyl compounds as hinder the pre-

cipitation of ferric oxide by bases (p. 613).

Of such compounds the best known is Fehling's solution, which is

obtained by adding tartaric acid and excess of caustic potash to a solu-

tion of copper sulphate. It is a dark-blue liquid, which is changed by
various reducing agents in such a manner that it deposits a precipitate
of red cuprous oxide (p. 671). It can serve, therefore, for the detection

of such substances, and it is used for this purpose in analysis, e.g. for

the detection of grape-sugar in urine.

In the cuprous series some complex copper compounds have been

already mentioned. It has still to be remarked that cuprous cyanide
dissolves in potassium cyanide to form a colourless liquid, from which
the complex salt KCu(CN)2 ,

the potassium salt of cuprocyanidion, is

obtained. This solution is very stable, and contains exceedingly little

cuprion, so that all solid copper compounds, even copper sulphide,
dissolve in potassium cyanide with formation of this complex salt.

Advantage is also taken of this behaviour in analysis,

Copper also forms a number of complex compounds in which sulphur

plays a part, and which are derived from sulphurous and thiosulphuric
acids. This reference to their existence must suffice here.

674. Metallurgy of Copper. On account of the large con-

sumption of copper in the arts, its manufacture from the naturally

occurring ores is an important industry. So long as we are dealing
with oxygen ores, red copper ore, or the basic carbonates, reduction

with charcoal, which takes place very readily, is all that is necessary.
In the case of the sulphurous ores, the most important of which are

copper pyrites and variegated copper ore, the task is more complicated.
Both these ores are compounds of copper sulphide with iron sulphide,
and the preparation of pure copper requires at the same time the

elimination of sulphur and iron. This is rendered more difficult by
the fact that the sulphur combines much more firmly with copper
than with iron, so that it can be removed only with difficulty. On

being subjected to an oxidising process of roasting, ferrosoferric oxide

is chiefly formed along with cuprous sulphide, and by fusing this mixture

with the addition of siliceous substances, a slag consisting essentially
of iron silicate and a mixture or an alloy of copper and cuprous sulphide
is obtained by repeating the operation. When the amount of sulphur
has become sufficiently small, the crude copper (black copper) is cast

into plates and subjected to electrolysis in an acid solution of copper

sulphate, with a piece of copper-foil as cathode. In this way pure

copper is obtained, and the copper sulphide, which along with the other

impurities forms the anode mud, is again fused along with other portions
of the ore.

The development of the method of electrolytic deposition has

further led to the extraction of the copper ores in the wet way, the

metal being separated electrolytically from the solutions of copper salt
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obtained. For this purpose ferric salts are mostly used, which dissolve

the cuprous sulphide with formation of cuprous salt, themselves being
reduced to ferrous salts, and sulphur being deposited.

On re-fusing the copper, cuprous oxide is formed, which dissolves

in the liquid metal, but on cooling again separates out and renders it

brittle. For this reason the copper, directly before being cast, must be

subjected to a reducing treatment (stirring with a pole of wet wood).
If the reduction is carried too far the tenacity of the copper is impaired,

presumably through the conversion of traces of other metallic oxides

into the metallic state. This last operation must, therefore, be per-
formed with care and frequent sampling.



CHAPTER XXXVI

LEAD

675. General. Lead is allied to strontium and barium in like manner
as zinc and cadmium are allied to magnesium. Calcium, which exhibits

relations of isomorphism in both directions, stands in the middle. On
the other hand, lead is decidedly a heavy metal, and forms an insoluble,

dark-coloured sulphur compound.
In nature lead is fairly widely distributed. Its most important

naturally occurring ore is lead sulphide, from which by far the largest
amount of the metal is obtained. The carbonate and the sulphate,
which are isomorphous with the corresponding salts of strontium and

barium, are also found.

Metallic lead has been known from olden times, as it can be readily
obtained from its ores. Its many applications depend, on the one

hand, on its low melting point, 330, and its great density, 11-4, and,
on the other hand, on its softness and consequent plasticity. The last

property renders it possible, especially at a somewhat higher tempera-

ture, to form lead by pressure like a plastic mass, and in this way to

produce wire, tubing, and such like.

In moist air lead oxidises very rapidly, but only superficially, so

that on the whole it is fairly resistant. It should be mentioned here

that it resists the action of perfectly pure water much less than that

of ordinary spring or river water. This is due to the fact that in the.

former case, under the joint action of water and atmospheric oxygen,
lead hydroxide is produced, which is slightly soluble in water, and

therefore does not protect the lead. In impure water, which contains

sulphanion and carbanion, the corresponding lead salts are formed,
which have an extremely small solubility, and form a firmly adhering

layer on the lead. Thus lead pipes can be quite well used for the

ordinary water-supply, but not for distilled water.

The combining weight of lead has been determined by the conver-

sion of the metal into the oxide, and vice versa. It has been found to

be Pb = 207-10.

676. Plumbion. Lead forms only one bivalent elementary ion,

677
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but besides this several containing oxygen, and also complex
ions.

Plumbion, Pb", is colourless, and in its compounds resembles barion

in many respects. It is a powerful poison for higher organisms, and

through accumulation is very harmful when repeatedly taken into the

system even in small doses. For this reason workmen who have to

work with lead are constantly exposed to the poisonous action, and

great attention and cleanliness are required in order to resist the

danger.
The heat of formation of plumbion from the metal is +2 kj.

Corresponding to its position in the potential series, lead has no

special tendency to pass into the ionic state. Free acids are not

appreciably decomposed by lead, so that oxidising agents must be

employed in order to dissolve it. The best solvent for metallic lead

is nitric acid, which forms one of the few readily soluble lead salts,

most of the lead salts being sparingly soluble.

From the solutions of the salts, bases give a white flocculent pre-

cipitate of lead hydroxide, Pb(OH)2 ,
which does not dissolve in excess of

ammonia, but is soluble in excess of alkali. The reason is the same
as in the case of alumina, which behaves in a similar manner.. By
splitting off hydrion, lead hydroxide can form anions of the composition
Pb0

2

"
and HPb02 ', the alkali salts of which are soluble in water.

Lead hydroxide is slightly soluble in water. It is readily formed
when lead, water, and atmospheric oxygen come together. Strange
to say, in this oxidation, as in many others which occur with free

oxygen in presence of water, hydrogen peroxide is formed at the same
time. Measurements have shown that the amount of peroxide corre-

sponds to that of the lead hydroxide, so that the reaction has to be

written as follows :

Pb + 2H2 + 2
= Pb(OH)2 + H2 2

.

It is probable that the first product of the reaction is a single

substance, perhaps a compound Pb(OH)4 ,
which decomposes into

Pb(OH)2 ,
and H2 2 . This reaction would then be another example

of the fact that the unstable compounds are usually formed before the

stable. This view, however, is rendered somewhat doubtful by the

properties of the anhydride of the assumed compound Pt>(OH)4 ,
viz.

lead peroxide Pb02 ,
which is a well-known stable substance.

The formation of hydrogen peroxide, or of other compounds belong-

ing to the peroxide type, has been proved in the case of many oxidations

by free oxygen, so that it appears to be the* rule. The peroxide,

certainly, generally decomposes so rapidly with evolution of free

oxygen that its whole amount can never be determined, and only

very slight traces are found if special precautions are not observed.

The rational interpretation of these long-neglected but very general
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phenomena is given by the law above mentioned of the occurrence of

the unstable forms together with
"
coupling

"
(p. 231).

Lead hydroxide loses water very readily and passes into the pale

yellow coloured lead oxide, PbO. The same compound is obtained in

any desired amount by heating lead to above its melting point in the

air
;

if the temperature is raised above its melting point, it forms

reddish-yellow lustrous scales, and in ordinary life is called litharge.

It is used for many purposes in the arts, e.g. in the manufacture of

glass, for the preparation of varnish, in dyeing, etc.

677. Lead Chloride, PbCl2 ,
is slightly soluble in cold water, more

soluble in hot, and crystallises in anhydrous needles. It unites with

lead oxide to form basic salts, which are obtained by heating ammonium
chloride with litharge ^ they are of a pale-yellow colour, and are used

as a pigment under the name Naples yellow.

Lead bromide is similar to the chloride, only still less soluble.

Lead iodide, PbI2 ,
is still more sparingly soluble. It crystallises

from hot saturated solutions in laminae of a gold lustre
; precipitated

from a dissolved lead salt in the cold by means of an iodide, it is obtained

as a yellow powder. It undergoes slight decomposition in light, so

that a mixture of lead iodide and starch when' exposed to sunlight

rapidly becomes dark through formation of starch iodide. It unites

with potassium iodide to form a double salt, which is stable only in

contact with solutions which contain a large excess of potassium iodide ;

it is decomposed by pure water with separation of lead iodide.

678. Lead Nitrate, Pb(N03)2 , crystallises anhydrous in forms of

the regular system, and is isomorphous with barium nitrate. It is

easily obtained by dissolving lead or lead oxide in dilute nitric acid
;

by concentrated acid it is precipitated from its solutions, owing to the

increase of the concentration of nitranion. Strong nitric acid is there-

fore almost without action on the metal, because the nitrate produced
forms a protecting layer.

On being heated, lead nitrate decomposes into lead oxide, oxygen,
and nitrogen peroxide: 2Pb(N03)2

= 2PbO + 4N02 + 2
. This be-

haviour is made use of for the preparation of nitrogen peroxide (p. 352).

679. Lead Sulphate, PbS04 ,
is a white salt extremely sparingly

soluble in water, and is always formed when plumbion and sulphanion
come together in solution. It is very similar to barium sulphate, but

by reason of its greater density it is deposited more rapidly than it

from solutions. It is readily soluble in a solution of ammonium tartrate

containing excess of a.mmonia, and is thereby easily distinguished
from barium sulphate. This solubility depends on the formation

of a complex salt, tlie lead uniting with the anion of tartaric acid to

form a complex compound. This, again, is another case of the forma-

tion of organic hydroxyl compounds containing metals, which has

been several times mentioned (pp. 613 and 675). Since plumbion is

withdrawn from the solution through the formation of this complex,
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lead sulphate must pass into solution in order to cover the loss, and
this goes on either until all the lead sulphate is dissolved, or until

chemical equilibrium has been established between the different com-

ponents of the solution and the solid salt.

Lead sulphate occurs in nature in rhombic crystals which are

isomorphous with those of heavy spar and celestine, and which are

called anglesite or lead vitriol. The salt also occurs as an intermediate

product in working up lead sulphide for metallic lead.

To the sparing solubility of lead sulphate is due the use of lead

for lining the reaction chambers and concentrating pans used in the

manufacture of sulphuric acid (p. 314). Under the action of the acid

the metal very rapidly becomes covered with a firm layer of sulphate
which protects the underlying metal.

Lead sulphate is appreciably soluble in concentrated sulphuric

acid, and crude sulphuric acid almost always contains a large amount
of lead. On diluting with water the lead sulphate is again precipitated,

since, owing to the presence of sulphanion, it is still less soluble in

dilute sulphuric acid than in pure water.

This behaviour, viz. that the solubility of a salt in water is first

diminished and then increased by the addition of its acid, is fairly

general. The diminution is a regular phenomenon ;
it is due, as has

just been said, to the presence of the anion by reason of which the

solubility product is reached even at a much smaller concentration of

the cation (by which the solubility of the salt is here measured). The

frequently occurring increase of the solubility in very concentrated

acid has generally its cause in the formation of a new soluble com-

pound between acid and salt.

On account of its slight solubility, lead sulphate is used for the

separation of plumbion from its solutions in qualitative and quantita-
tive analysis. In order that nothing may be lost in the washing, the

sulphate is first washed with dilute sulphuric acid, and this is then

displaced by alcohol, in which the sulphate is much less soluble than in

water.

680. Lead Chromate. -On mixing solutions containing chrom-
anion and plumbion, a yellow precipitate of lead chromate is produced,
which is very sparingly soluble in water, and which, on account of its

strong colour, is used as a pigment under the name chrome yellow.
When mixed with Prussian blue (p. 611), chrome yellow gives a fine

green colour called
"
green cinnabar." Basic lead^ chromate has a

yellowish-red to carmine-red colour, and is also used as a pigment under
the name chrome orange and chrome red.

The same precipitate of normal lead chromate is also obtained by
using a solution of a dichromate as the precipitant ; hydrion is thereby
produced, and the solution reacts acid. The details of this process are

exactly the same as in the case of the precipitation of barium salts

with dichromates (p. 638). If the anion of the lead salt is that of a
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strong acid, the precipitation under these conditions remains incom-

plete, since the hydrion formed reduces the concentration of the chrom-

anion and increases that of dichromanion to such an extent that the

solubility product of lead chromate is no longer reached. If, however,
the lead salt of a weak acid is employed, e.g. lead acetate, precipitation
is practically complete, because the hydrion produced is for the most

part converted into undissociated acetic acid.

Lead chromate dissolves in strong bases with formation of a yellow

liquid. Since chromanion is contained in this, the plumbion must
have also disappeared, as otherwise solution would be impossible. As
a matter of fact, the cation, Pb", is converted into the anion Pb02

"

(p. 678) under the influence of the large amount of hydroxidion present :

This behaviour is evidently a general one
;

all hydroxides which,
like lead hydroxide, possess both basic and acid properties, must

exhibit the same reaction, i.e. the sparingly soluble salts which they
form with any acids are dissolved by alkalis. This is, as a matter of

fact, the case
; thus, the sparingly soluble salts of alumina, such as the

phosphate, dissolve readily in a solution of caustic potash.
Besides being used as a dye, lead chromate is also employed in the

laboratory, similarly to copper oxide, as an oxidising agent in the

elementary analysis of organic substances.

681. Lead Acetate, Pb(C2 2
H3)3H20, or sugar of lead (so called

from its sweet taste), is, of all the lead salts, the one most used in the

arts, since it is readily soluble, and therefore allows of the employ-
ment of plumbion where necessary. It is obtained by the action

of crude acetic acid on lead oxide, the salt being purified by
crystallisation.

Lead acetate is very readily soluble in water
;

its solutions are

generally slightly turbid owing to the presence of a white precipitate.

The latter consists of lead carbonate, which is formed by the action of

the carbonic acid in the air on the salt
;
this action is facilitated by

the volatility of acetic acid.

If carbon dioxide is passed into a solution of lead acetate, lead

carbonate is immediately deposited as a white crystalline precipitate.

The reaction is, however, not complete, and an equilibrium is finally

produced in the solution between the remaining plumbion, acetanion,

carbanion, hydrion, and the undissociated substances produced from

these ions. No carbonate is precipitated by carbon dioxide from the

lead salts of strong acids, e.g. lead nitrate, nor from the acetate if

sufficient acetic acid has been added at the commencement.

The relations obtaining here are fairly similar to those found in

the precipitation of the zinc salts by sulphuretted hydrogen (p. 655),

only that in this case a much smaller concentration of hydrion is sufficient

for equilibrium.
Lead oxide dissolves abundantly in solutions of normal lead acetate,
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and forms basic salts, several of which, e.g. Pb(C2 2
H3)(OH), have been

prepared in the solid state. The solutions are called vinegar of lead,

and are employed in medicine and as a reagent in the laboratory.

They contain appreciable amounts of hydroxidion, for they react

alkaline to vegetable colours.

682. Lead Carbonate, PbC03 ,
can be obtained as a white pre-

cipitate from solutions in which the ions Pb" and C03

" come together.

Like magnesium, lead has, although in a less pronounced degree, the

tendency to form basic carbonates. In nature the normal carbonate

is found in the rhombic forms of aragonite, with which it is iso-

morphous, and is called white lead or cerussite.

White lead, the white pigment most largely employed, is a mixture

of various basic carbonates. It is obtained by allowing carbon dioxide

to act on lead oxide
;

to facilitate the reaction, acetic acid is generally
used as an auxiliary substance. According to the older Dutch process,

spirally rolled lead plates were placed in pots in which there was a

little vinegar, and were covered with dung or spent tanner's bark

which yields the carbon dioxide by its slow oxidation in the air. In

these circumstances the lead plates become covered with a layer of

basic carbonate which is shaken off from time to time. At present it

is usual to triturate litharge with some lead acetate and water, and to

pass carbon dioxide (obtained by heating limestone) over the mixture.

Further, a solution of basic acetate can be prepared from lead acetate

and litharge, and this be decomposed with carbon dioxide. In this

way normal carbonate is precipitated, while acetic acid, along with

some lead acetate, is left in solution. The liquid is again used to dis-

solve lead oxide, and so on. As can be seen, the same reactions which

here occur separately took place also in the first process side by side.

Lead acetate here plays the role of a catalyst by accelerating the

combination of carbon dioxide and lead oxide, a combination which

would take place without its presence, only too slowly for manufactur-

ing purposes. In the present case the cause of the acceleration can

be recognised to some extent, since by means of the acetic acid the

lead oxide is converted into the dissolved condition in which it can

more readily unite with the carbon dioxide.

In other words, the velocity of the action of acetic acid on lead

oxide, and the precipitation of the carbonate by carbon dioxide, are

together much greater than the velocity of direct combination of lead

oxide with carbon dioxide. It is probable that it will be possible to

attribute many cases of catalytic action to such causes.

The characteristic of this explanation is that in place of the direct

reaction, a series of intermediate reactions occur, which lead to the same
final result as the direct reaction. If these intermediate reactions occur

more rapidly than the direct reaction, the explanation of the catalytic

accelerating action of the intermediate substance is given. Through

overlooking the most essential part of this explanation, however, one
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has become accustomed to see an
"
explanation

"
of catalytic accelera-

tions in the mere possibility of such intermediate reactions, without

thinking of the necessity of proving that these intermediate reactions

must proceed more rapidly than the direct reaction, if the entire process
is to be accelerated.

683. Lead Sulphide. From solutions containing plumbion,

sulphuretted hydrogen, even in the presence of hydrion (if this is

not too concentrated), precipitates brown-black lead sulphide. Con-

centrated acid prevents the precipitation, or re-dissolves the precipi-

tated sulphide. We are again dealing here with one of the equilibria

which have been repeatedly discussed, and which in this case is char-

acterised by a very slight solubility of the sulphide, and therefore a

considerable lack of sensitiveness to hydrion.
This solubility is so small that even the small amount of plumbion

contained in the complex salts is sufficient to exceed the solubility

product on passing in sulphuretted hydrogen. For this reason all

lead salts, even the complex ones, are precipitated by sulphuretted

hydrogen.
Nitric acid oxidises lead sulphide to sulphate.
In nature, lead sulphide occurs in the form of regular cubes with

a grey metallic lustre. It is a soft mineral of great density (7-5),

which is widely distributed and is called galena. This is the most

important lead ore.

684. Compounds of Quadrivalent Lead. As in the case of

copper, where the salts of the univalent type were known only
in the solid state, since monocuprion immediately underwent trans-

formation in solution, so, similarly, there is a series of lead compounds
which can be referred to quadrivalent plumbion, Pb"", although this ion

does not occur to any considerable extent in solution. The reason of

the instability of such salts is, however, to be found in another direction
;

it has to be sought for in the fact that the anhydride of the quadrivalent

hydroxide (Pb02
= Pb(OH)4

- 2H20) is a particularly stable and sparingly

soluble compound which, with the co-operation of water, is always
formed in cases where the quadrivalent ion Pb"" might be expected.
The hydrolytic reaction, Pb"" + 2H2

= Pb02 + 4H', therefore takes

place, i.e. lead peroxide and free acid are formed.

Lead peroxide, Pb02 ,
is a brown substance which has, in the crystal-

line condition, an almost metallic lustre
;

it is practically insoluble in

water, and is always formed when lead compounds are subjected to

powerful oxidising actions. It is generally prepared by the action of

bleaching powder on lead chloride in alkaline solution ;
it is used

in considerable quantities as an oxidising agent in the chemical

industries.

On being carefully heated in the air lead oxide also undergoes

oxidation, not, however, to the peroxide, but to a compound of that

with lead oxide : 2PbO + Pb02
= Pb3 4 . The product is a powder of
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a bright-red colour, which has been known for a long time, and is

employed as a pigment ;
it is' called minium or red lead.

From this name is derived the term miniature for the ornamental

designs on manuscripts, because of the use of this pigment (or of cinnabar

which was formerly confused with it) for that purpose. At the present

day the word has another signification, which has but a slight connection

with the original one.

On treating minium with dilute acids which form soluble lead

salts, e.g. nitric acid, lead nitrate passes into solution, and lead per-
oxide remains behind as a brown powder : Pb3 4 + 4HN03

= Pb02 +

2Pb(N03)2 + 2H20. In this way lead peroxide was formerly chiefly

obtained.

Another and very important method of preparing lead peroxide is

by the conversion of lead salts, e.g. of lead sulphide in dilute sulphuric

acid, by means of the electric current at the anode. By means of the

current, sulphanion, S04", is brought to the anode and discharged, and
there occurs the reaction PbS04 + SO/ + 2H2

= Pb02 + 2H2S04 . In

accordance with what was stated above, it can be assumed that there

first occurs the reaction PbS04 + S04
" = Pb(S04)2 ,

the sulphate of

quadrivalent lead being formed
;
this is dissociated hydrolytically by

the water and passes into lead tetrahydroxide and sulphuric acid, or

lead peroxide and sulphuric acid, according to the equation Pb(S04 )2 +
2H2

= Pb02 + 2H2S04 . These reactions are of great importance
for the construction of electrical accumulators, and will presently be

considered more in detail.

If lead peroxide is treated with anhydrous or only slightly

hydrated acids, with which therefore hydrolysis is excluded, the corre-

sponding saline derivatives can be obtained. Thus, lead peroxide
dissolves in fuming hydrochloric acid in the cold to a dark-coloured

liquid from which, by the addition of ammonium chloride, a yellow
ammonium salt of hydroplumbichloric acid, (NH4)2PbCl6 ,

is obtained ;

on decomposing this with concentrated sulphuric acid the acid H2
PbCl

6

is formed, which immediately decomposes into hydrogen chloride

and lead tetrachloride, PbCl4 . The tetrachloride is found to be a

yellow liquid which does not solidify till -15, and which readily

decomposes into lead chloride and chlorine. When dissolved in much
water it undergoes the above-mentioned hydrolytic dissociation into

hydrochloric acid and lead peroxide : PbCl4 + 2H2
= Pb02 + 4HC1.

The sulphate and acetate of quadrivalent lead can also be prepared
under suitable conditions

; they are yellow salts which are coloured

brown by water owing to the separation of peroxicle.
The hypothetical lead tetrahydroxide can also act as an acid, the

hydrogen of the hydroxyl being split off as ion. As can be seen from
the formula H4Pb04 and that of its first anhydride, H2Pb03 ,

a tetra-

basic as well as a dibasic acid can be derived from the tetra-

hydroxide. Minium can be regarded as the lead salt of the tetrabasic
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acid, for if we replace the 4H by 2Pb we obtain Pb
2Pb04

= Pb3 4 ,
the

formula of minium. The decomposition of the latter also by means
of dilute acids speaks in favour of this view

;
acids first effect the

formation of the free plumbic acid which decomposes into water and
the anhydride, lead peroxide.

Another compound of the tetrabasic acid is that with lime, which
is formed by heating a mixture of lead oxide and lime in the air, whereby
oxygen is taken up. On being heated in carbon dioxide, the salt is

decomposed into calcium carbonate, lead oxide, and oxygen ;
on being

heated in the air the carbon dioxide again escapes, oxygen is again

absorbed, and calcium plumbate is formed. A commercial method of

obtaining pure oxygen has been based on these transformations.

The alkali metals, on the other hand, yield salts of the dibasic acid.

Lead peroxide dissolves in a strong solution of caustic potash, and
from the solution the salt K2Pb03 + 3H2 can be obtained in the crystal-
line condition. In the solution which contains excess of caustic potash,
the presence of the quadrivalent ion Pb04

""
may also be assumed.

685. The Lead Accumulator. If two lead plates, one of which

is covered with lead peroxide, are placed in dilute sulphuric acid, an

effective voltaic cell is obtained the potential of which is 2-0 volts, and
which can yield a strong current. The chemical process taking place
in this cell consists, on the one hand, of metallic lead being converted

into lead sulphate, just as the zinc of the Daniell cell is converted into

zinc sulphate, only that in this case the lead sulphate, on account of

its slight solubility, forms a firm layer on the electrode. On the other

hand, the lead peroxide is reduced from the quadrivalent stage to the

bivalent, and also forms lead sulphate, with the sulphuric acid present.
The reaction which yields the energy for the current is therefore repre-
sented by the equation

Pb + Pb02 + 2H2S04
= 2PbS04 + 2H20.

The remarkable thing about this cell is that it can be easily reversed

That is to say, if a current is passed through the cell in the opposite

direction, the sulphate is at the one pole reduced to metallic lead, and

at the other oxidised to lead peroxide (p. 683). The cell, therefore,

again passes into its former condition, and can again yield a current.

At first sight this appears a fact of very small importance. For

according to the law of the conservation of energy there can be obtained

from the charged cell only as much electrical energy as was used up
in the charging ;

in all circumstances, therefore, there is no gain,

and indeed, in consideration of the unavoidable losses, there is even

a profitless consumption of electrical energy. This is certainly the

case
;
the advantage, however, which lies in the possibility of storing

comparatively large quantities of electrical energy in a small weight,
and of rendering any portion of it available for use whenever desired,

is so great that the above-mentioned loss is willingly accepted. Consider,
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for example, a factory in which large amounts of electrical energy
are required from time to time, while in the intervals little is necessary ;

the dynamo would then have to be large enough to supply the powerful
currents without being damaged, while in the intervals it would have

to run empty. If, however, an electrical accumulator were connected

with the plant, the dynamo would have to be constructed only for the

average consumption, and not for the maximal, since during the time

of large consumption the accumulator would yield energy, while in

the intervals of small consumption the accumulator would take up the

energy of the dynamo and retain it for use when required.
This result wou]d be obtained by inserting a voltaic cell which can

act in the double manner, i.e. which can on the one hand yield a current

and, on the other, can store, by means of the reverse chemical reaction,

the current of opposite direction. This property is possessed by many
cells, e.g. the Daniell, in which, by the reverse current, zinc is deposited
and copper dissolved, copper sulphate therefore being formed.

Hitherto, however, the lead accumulator which has just been

described is the only one which has proved to possess vitality, since

it has the advantage of containing only one metal. This is rendered

possible by the circumstance that the metallically conducting lead

peroxide is a very strong oxidising agent, while the metallic lead acts

as a (moderate) reducing agent. In the cells of the type of the Daniell,

which contain two metals, one cannot, in the long run, prevent the

solution of the one metal (copper) passing into that of the other (zinc),

whereby instead of the indirect chemical process, which yields the

current, the direct process occurs, which only yields heat, and the cell

therefore no longer acts. This difficulty can be overcome when the

compounds of the two metals are practically insoluble, as is the case,

for example, in the nickel-iron accumulator of Edison.

A lead accumulator, therefore, consists of two lead plates placed in

dilute sulphuric acid. In order that as large an amount of electrical

energy as possible may be absorbed for a given weight of the accumu-

lator, the plates are made porous, so that the acid has as far as possible
access to every part. To combine this requirement with the greatest

possible durability of the plates is the real problem of the electrical

accumulator. The problem is generally solved by filling up a lead

grating with spongy lead, obtained by the electrical reduction of various

lead compounds. Such a plate of spongy lead is then connected with

a second plate, in which the spongy lead has been converted into

lead peroxide by electrical oxidation. Such plates are prepared, for

example, by filling in the lead grid with a mixture of lead oxide and

sulphuric acid in the form of a thick paste, suspending two such plates,
after the paste has solidified, in dilute sulphuric acid, and passing a

current through it. On the one side the lead sulphate present is then

reduced to metallic lead, and on the other oxidised to peroxide. The
end of the transformation can be recognised in the evolution of
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hydrogen at the former plate and of oxygen at the latter
;
at the same

time, the potential of the current necessary for charging rises. The
accumulator is then charged. When, after the charge has been with-

drawn, the accumulator has to be recharged, care has to be taken that

the former peroxide plate is again used for the same transformation, as

otherwise the plates will be destroyed.
As can be seen from the equation of the reaction given on p. 685,

sulphuric acid passes into combination while the accumulator is in

action, and is again set free when the cell is charged. In the amount
of sulphuric acid in the accumulator, therefore, we have a measure of

the conditions of charging, and as the density also changes with the

amount of acid, a hydrometer floating in the liquid allows of the con-

dition as to charge being easily determined. This is of importance,
since experience has shown that an accumulator deteriorates on stand-

ing for a lengthened period in the uncharged condition, because the

lead sulphate in the plates partially loses its chemical reactivity.

686. Metallurgy of Lead. For the manufacture of lead, galena
is the only ore which has to be considered in practice. This is first

roasted, whereby a part of the sulphur escapes as sulphur dioxide,

while another portion remains behind in the roasted mass, the lead

sulphide being converted into lead sulphate. The mixture of lead

oxide, lead sulphate, and unchanged lead sulphide is then fused with

exclusion of air, whereby the following reactions occur :

In this particular case, therefore, the unchanged lead sulphide acts

as a reducing agent on the oxygenated products formed, and the result

is metallic lead along with sulphur dioxide.

The
"
work lead

"
thus obtained generally contains silver, to obtain

which it is further treated
;

the processes for this will be discussed

under Silver.



CHAPTER XXXVII

MERCURY

687. General. In its chemical relations mercury is most nearly
allied to copper, since it forms, like it, two elementary ions, a uni-

valent and a bivalent, which in many respects also are similar to those

of copper. With cadmium it shares the tendency to form slightly

dissociated halogen compounds of the bivalent series.

Metallic mercury occurs free in nature, and by reason of its being

liquid at medium temperatures it has attracted attention from remote

times. In the older history of chemistry, while the experimental

conception of a chemical element was not yet developed, mercury was

regarded as the type of the metallic character
;

this found expression
in the fact that mercury was regarded as a constituent of all metals.

The endeavours to prepare gold and silver from base metals, which

are connected with this view, had generally, for the first purpose, the
"
fixing

"
of the mercury, i.e. making it non-volatile. For this reason,

and through the discovery made about the fifteenth century of the

powerful medicinal actions of the mercury preparations, the chemistry
of mercury became known at an earlier period than that of most of

the other metals.

During the development of the newer period of chemistry at the

end of the eighteenth century mercury again played a considerable role.

This is due, in the first place, to the chemical properties of mercury
oxide. The possibility of converting the metal into its oxide by heating
in the air, and of effecting the separation of this into metal and oxygen

by more strongly heating, was of the greatest importance for the

correct interpretation of the phenomena of oxidation (p. 80). On
the other hand, the introduction of the mercury pneumatic trough for

the investigation of gases at once led to the discovery of a series of

hitherto unknown substances (p. 207).

Up to the present day mercury has not lost its importance for

scientific investigation. Its liquid nature, fairly great chemical resisti-

bility, considerable density, etc., assures its unceasing use for physico-
chemical apparatus, of which the thermometer and barometer need only
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be mentioned as the most important. Since, being a liquid metal,
it is not subject to the variations which are exhibited by the solid

metals in consequence of being wrought, it is employed as a standard
metal for electro-chemical apparatus, and many other scientific applica-
tions could also be mentioned.

Metallic mercury has the density 13-595 at 0. Its expansion by
heat is, up to the boiling point of water, so nearly proportional to that

of the gases that the mercury thermometer agrees well with the gas
thermometer over this range. At -39-4, mercury solidifies to a

silver-like solid metal
;

it thereby readily exhibits in a considerable

degree the phenomena of supercooling (p. 49). At 358 mercury
boils under the pressure of the atmosphere. Since, in many measure-

ments, the vapour pressure of mercury at comparatively low tempera-
tures also comes into account, we give the following table of vapour
pressures :

. . 0-00004 cm. 150 . . 0-268 cm.
20 0-00015

;
200 1-70

40 . . 0-00052

60 . . 0-0021

80 . . 0-0092

100 0-0270

250 . . 7-46

300 . . 24-7

350
D

65-9

From this it is seen that up to 100 the vapour pressure is small,

viz. less than 1 mm.
In the air mercury behaves in general as a

"
noble

"
metal, i.e. it

does not oxidise spontaneously. This is not, however, in all strictness

the case, for if it is maintained for a lengthened period at about 300,
it slowly becomes covered with red crystals of mercury oxide. Water,

standing in contact with mercury, assumes poisonous properties.
Whether this is due to the solution of a trace of oxide formed, or to

the solution of metal in water, has not yet been determined. 1

The combining weight of mercury has been found by analysis of

the oxide and sulphide to be Hg = 200-0. The vapour density shows
the molar weight to be 200

;
the two are therefore equal. On account

of its low boiling point mercury was the first metal in the case of which

this remarkable relation was established (p. 499).

Pure mercury does not wet glass ; if, however, it contains foreign
metals dissolved in it, it becomes covered with a film of oxide, the

effect of which is that the metal no longer flows over glass and other

surfaces in round drops, but
"
leaves a tail." This is a very sensitive

test of the purity of the metal.

1 That metallic mercury can dissolve in water must be regarded as indubitable.

For, all gases dissolve in water
;
since mercury has an appreciable, although small, vapour

pressure even at room temperature, its vapour must also be soluble in water. There is,

however, no difference between a solution of liquid and one of vaporous mercury, since in

the case of a solution only the existing state is of importance and not the former states

of its components. The presence of metallic mercury in aqueous solution has also been

demonstrated experimentally.

2Y
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In order to purify mercury, a task which is constantly occurring
in the laboratory, it is shaken with dilute sulphuric acid, to which from
time to time some drops of potassium dichromate are added

;
it is then

washed with a large quantity of water and dried by gently heating it.

In this way considerable amounts of impurities can be quickly removed.

The fairly pure metal is allowed to flow in small drops through the

apparatus shown in Fig. 125, which is filled with a dilute acid solution of

mercurous nitrate (vide infra). These methods depend
on the fact that the oxidising agents employed oxidise

the contaminating metals rather than the mercury ;
in

order that the object may be attained, fine division

is necessary.
688. Mercury Ions. Mercury forms two ele-

mentary ions : monomercurion, Hg*, and dimercurion,

Hg". In its properties the former is allied to mono-

cuprion and argention ;
the latter does not exhibit

any very close relations to other metals. In com-

paratively concentrated solutions monomercurion,

perhaps, occurs as the bivalent double ion of the

formula Hg2

"
;
in very dilute solutions, as univalent

Hg*. For the sake of clearness, and until the corre-

sponding relations have been explained in the case

of the other univalent ions of the heavy metals, we
shall use the simple method of writing the formulae,

especially as it does not conflict with any experi-
mental fact to be discussed here.

Monomercurion is formed when salts of mercury
are prepared in presence of an excess of metallic mercury. The most
convenient solvent for mercury is dilute nitric acid

;
if too great a

concentration of nitric acid and too high a temperature are avoided,
mercurous nitrate is formed with evolution of nitric oxide (p. 350).

If, owing to the causes just mentioned, mercuric nitrate has been

formed, it is sufficient to allow the solution to stand for some
time over metallic mercury in order to again convert it into mer-
curous salt. The reaction Hg" + Hg = 2Hg* then takes place almost

completely.
In the absence of metallic mercury, however, monomercurion is

readily oxidised to dimercurion.

The solutions of the two ions cannot be distinguished by their

.appearance, since they are both colourless. Their compounds, how-

ever, with the same anion have frequently very different solubility,
and they can be distinguished by this means.

The two ions are violent poisons both for the higher and the lower

organisms. Since, however, monomercurion forms a very sparingly
soluble compound with the chloridion occurring everywhere in the

organism, whereby its concentration and therefore its action is reduced

FIG. 125.
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to exceedingly small values, mercury poisoning occurs, as a mattar of

fact, almost exclusively by means of dimercurion.

689. Mercurous Compounds. From the solutions of mercurous

salts, black mercurous oxide, Hg20, is precipitated by bases. The
mercurous hydroxide, the formation of which might be expected, is so

unstable that it has not been possible to detect it with certainty ;
on

its formation it apparently passes immediately into its anhydride.
Mercurous oxide is a black unstable powder which, on being kept for

some time, is converted into mercuric oxide and metallic mercury :

Hg2
= HgO + Hg ;

in sunlight the conversion is rapid.
The basic properties of this oxide are only feebly developed, for

the mercurous salts, so far as they are soluble in water, undergo
hydrolysis with formation of precipitates of sparingly soluble basic salts.

In order to obtain clear solutions excess of free acid must be added.

This holds, for example, in the case of mercurous nitrate, HgN03 ,

which is readily obtained by dissolving mercury in 'dilute nitric acid.

In the cold the salt crystallises from the solution containing excess of

acid ;
on attempting, however, to redissolve it in water, a white pre-

cipitate of basic nitrate is deposited, the amount of which is all the

greater the greater the amount of water compared with that of the

salt. The solution can be again made clear by the addition of nitric

acid, and there is a definite concentration of free acid, varying with

the temperature, at which no decomposition of the salt occurs.

690. Mercurous Sulphate, Hg2S04 ,
is a salt, very sparingly

soluble in water, which is formed by warming mercury with concen-

trated sulphuric acid. Half of the sulphuric acid then acts as an

oxidising agent, and passes into sulphur dioxide

and water
;
the other half of the acid yields mer-

curous sulphate, which is deposited as a white

coarsely crystalline powder. If the excess of

sulphuric acid is removed by washing with water,

hydrolysis commences after the main portion of

the acid has been removed, and the salt becomes
dark in colour.

Mercurous sulphate is used as the initial sub-

stance in the preparation of other mercury com-

pounds, and for the construction of electrical

standard cells.

Such standard cells serve the purpose of furnishing at all times a

definite value of electrical potential for the purposes of measurement.

The most largely employed of these cells is represented in Fig. 126.

In the one limb there is contained mercury covered with mercurous

sulphate, and in the other there is a 12 per cent mixture of cadmium
and mercury ;

the remaining space is occupied with a saturated solution

of cadmium sulphate to which some crystallised cadmium sulphate
has been added. The potential of such a cell amounts to 1-0183 volts

;

Fia. 126.
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by using fairly pure substances, the same potential is always obtained

to within a ten-thousandth of its value, and changes only slightly with

the temperature.
691. MercuroilS Chloride, HgCl, is a white salt, soluble with

extreme difficulty in water, and has long been employed in medicine

under the name calomel. By reason of its small solubility it passes

only slowly into the system, and therefore exhibits correspondingly
mild actions. Its application in medicine depends on this.

Calomel is obtained on bringing together a soluble mercurous salt

with chloridion ; thus, mercurous salts are precipitated not only by
solutions of normal chlorides, but also just as completely by hydro-
chloric acid. This behaviour could be foreseen, for the solubility of

sparingly soluble salts in acids depends, indeed, on the fact that their

anions can form undissociated compounds with the hydrion of the

acid added, so that the concentration of the anion is diminished, and

the solubility product thereby not attained. In the present case this

cannot happen, because the anion of calomel, viz. chloridion, is that of

one of the strongest acids, and is therefore not converted to any con-

siderable extent into the undissociated condition even by the addition

of hydrion. For this reason the concentration product of a calomel

solution also remains essentially unchanged on the addition of a strong

acid, and no more passes into solution.

On treating calomel with a concentrated solution of sodium chloride

or hydrochloric acid, however, a quite appreciable amount of it passes
into solution ;

at the same time some mercury is deposited. This

reaction will be explained in the case of the iodine compound, in which

it is much more distinct.

Mercurous sulphate also is converted into calomel on being treated

with a solution of sodium chloride or hydrochloric acid, because the

latter is far more sparingly soluble. As a rule, however, it is obtained

from the sulphate by subliming it with common salt, whereby the

calomel is obtained in semi-transparent crystalline masses with a

diamond lustre (on account of its high index of refraction). Since,

ordinarily, more or less mercuric chloride is mixed with it, calomel,

which is to be used for medicinal purposes, must previously be care-

fully extracted with water in order to remove the very poisonous,
soluble mercuric chloride.

Calomel readily volatilises, and its vapour density was therefore

early determined. This yields the molar weight 235, corresponding
to the simple formula HgCl. Since mercury was regarded as being

always bivalent, this result stood in conflict with a former, specially

favoured assumption, according to which the different elements possess
one definite, unchangeable valency ;

the double formula Hg2Cl2 , however,

could be brought into agreement with the bivalency of mercury, accord-

ing to the formulation CIHg-HgCl. A lively discussion there-

fore arose as to whether the vapour of calomel is uniform or has



xxxvii MEECUEY 693

decomposed into mercuric chloride and mercury, according to the

equation Hg2Cl2
= HgCl2 + Hg. It has been found that calomel, when

quite dry, vaporises without decomposition, but when moist, decom-

poses into mercuric chloride and mercury.
Mercurous bromide and iodide are similar to calomel. The iodide

is a greenish powder, which is most easily obtained by rubbing iodine

and mercury together in the proportions of their combining weights,
and which decomposes with extreme readiness into mercuric iodide

and free mercury.
692. Mercuric Salts are obtained from the mercurous compounds

by subjecting these to oxidising actions. Thus, mercuric nitrate,

Hg(N03 )2 ,
is formed on dissolving mercury in concentrated and warm

nitric acid, and can be obtained in colourless crystals on evaporating
the solution. In the same way mercurous sulphate, on being heated

with an excess of sulphuric acid, passes into mercuric sulphate with

renewed evolution of sulphur dioxide : Hg2S04 +H2
S04

= 2HgS04 +
S0

2 +H2
0.

The mercuric salts exhibit the property of hydrolysis in a much

higher degree than those of the mercurous series. Since in this case

the basic salts are characterised by a yellow colour, the occurrence of

the decomposition can be readily recognised. Nevertheless, a number
of salts of the mercuric type are known, which can be dissolved in

water without sign of decomposition ;
this is due to special properties,

which will be discussed immediately.
Mercuric oxide, HgO, is obtained from the mercuric salts by means

of soluble bases. The hydroxide is not known
;

it may therefore be

again assumed that it is indeed first formed, but that it immediately

passes into its anhydride.
Mercuric oxide is a yellow to red powder, the colour of which

depends on the fineness of its division. If it is precipitated from
cold solutions it appears yellow ;

when precipitated hot an orange-
coloured precipitate is formed. It is obtained as a red crystalline

powder by heating mercurous or mercuric nitrate to a moderate tempera-
ture

; nitrogen peroxide and oxygen escape (cf. p. 679), and mercuric

oxide remains behind. The decomposition can easily be made com-

plete without the temperature being reached at which the oxide decom-

poses into the metal and oxygen. Corresponding with the varying
fineness of subdivision, the different forms of mercuric oxide exhibit

varying solubility and reactivity. It has, however, been placed beyond
doubt that these differences are due merely to the influence of size of

grain, i.e. to the co-operation of surface energy, and not to poly-

morphism.
As has been repeatedly mentioned, mercuric oxide is also produced

directly from mercury and oxygen by allowing the two to act on one

another at about 300. The reaction is, however, very slow. In this

case a condition of equilibrium, depending on the temperature, is
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established between mercury, oxygen, and mercuric oxide. According
to the temperature and pressure of the oxygen the reaction can be

made to take place in one or other direction.

The preparation of mercuric nitrate has been already given. The
basic nitrate which is precipitated from the salts by water has the

composition Hg3(N03)2(OH)4 . It readily dissolves in hydrochloric

acid, forming a clear solution.

The same holds for mercuric sulphate, HgS04 . The basic salt,

which is obtained as a yellow crystalline precipitate on treating
the normal salt with water, has a corresponding composition,

Hg3S04(OH)4 ,
and under the name "

turpeth mineral
"

is applied in

medicine. Recently, mercuric sulphate has become of importance as a

catalyst for the oxidation of organic substances by hot sulphuric acid,

both for analytical and technical purposes (oxidation of naphthalene
to phthalic acid for the preparation of artificial indigo).

The behaviour of the halogen compounds is in marked contrast to

that of the mercuric salts of the oxyacids. So far as they are soluble

they dissolve in water without appreciable hydrolysis, and exhibit

nothing of the ready decomposability of the above salts.

The explanation is found on determining the electrical conductivity
oi the solutions of these substances. This is found to be very slight,

and it follows from this that we are dealing here with salts which, un-

like the preponderating majority of such substances, are not greatly
dissociated into ions

; they can exhibit the reactions of the ions, there-

fore, only in a very limited degree.
The salt which is most dissociated is mercuric chloride, HgCl2

.

This chlorine compound of mercury has also been known for a very

long time. On account of its poisonous properties and its method of

preparation (by the sublimation of mercuric salts, especially the sulphate,
with sodium chloride) it is called corrosive sublimate.

Mercuric chloride is a colourless, crystalline salt, which is

moderately soluble in water
;

it' has a considerable density (7-2), and
its solutions have been found to be a very violent poison for higher as

well as lower organisms. It is therefore extensively used in medicine

as a disinfectant, i.e. for the purpose of killing the spores of harmful

schizomycetes, and such like, and its use is limited only by the fact

that it is also a powerful poison for the human organism. Small

quantities of it exercise a specific, medicinal action.

Mercuric chloride melts at 265, and boils at 307, so that it can
be readily volatilised, and thereby purified. Its vapour density yields
the molar weight 271, corresponding to the formula HgCl2 .

The solutions of mercuric chloride are fairly easily reduced to

calomel. Of these reductions, that with oxalic acid (p. 439) is of

particular interest, as it takes place with measurable velocity only in

light, while in the darkness it remains practically at a stand-still. This

reaction has therefore been used as a means of measuring the chemical

.
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action of light or as a chemical photometer. It is represented by
the equation 2HgCl2 + C2 4H2

- 2HgCl + 2C02 + 2HC1. Carbon dioxide

and hydrochloric acid are therefore formed in the reaction
;
to counter-

act the action of the latter one of the salts of oxalic acid, e.g. ammonium
oxalate, is used instead of the free acid. The indications of this photo-
meter are also only individual (p. 614).

From its solutions mercuric oxide is precipitated by soluble, strong
bases, but on quantitative investigation it is found that the amount of

oxide precipitated never corresponds to the amount of base taken, but
is less. Conversely mercuric oxide dissolves in solutions of other

chlorides, and liquids are produced with a strongly alkaline reaction.

This is due to the fact that the solution of mercuric chloride contains

only very little dimercurion. On adding a base, i.e. hydroxidion, there

must be a certain, finite concentration of the latter before the solu-

bility product of the mercuric oxide is reached and that substance

precipitated. On the other hand, when chloridion is added to an

aqueous solution of mercuric oxide (in which the presence of dimercurion

and hydroxidion must be assumed), the greater part of the dimercurion

present is converted into undissociated mercuric chloride, and more
mercuric oxide must pass into solution in order that the solubility

product may be again established. This process is repeated, and when

equilibrium is finally reached there is an appreciable amount of

hydroxidion, from the mercuric oxide, present in the solution.

Mercuric chloride is extremely stable to concentrated sulphuric

acid, and even on heating no evolution of hydrogen chloride occurs.

Nor is it acted on by concentrated nitric acid, which attacks all other

saline chlorides with evolution of chlorine or nitrosyl chloride (p. 363).

The behaviour in both cases is due to the very slight electrolytic dis-

sociation of mercuric chloride.

Mercuric chloride crystallises along with the alkali chlorides, form-

ing compounds which appear to occupy a position intermediate between

the ordinary double salts, the components of which exist side -by side

in solution, and the complex salts, the ions of which are formed by the

union of the one salt with the ion of the other
;

that is to say, the

salts partly exist side by side in solution, and are partly combined in

the above complex compounds, and the relative quantities of the two

depend on the temperature and the concentration.

Strictly speaking, such a view holds for all double salts and com-

plex salts, and the two are distinguished from one another only by
the fact that the one or the other greatly predominates. In the case

of the above mercury compounds we have apparently the case, which

otherwise does not frequently occur, that the two portions are present
in about equal amounts.

The complex salts whose presence can here be assumed, are the

alkali salts of the mercurichloride ions HgCl3

'

and HgCl4". From the

solutions of the mixed single salts compounds of the one or other type,'
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e.g. KHgCl3 and K2HgCl4 ,
are obtained, according to the concentration

and the temperature, and we must therefore regard both as being

present together in solution. If for any reason one or other of these

compounds separates out, the equilibrium in the solution is disturbed
;

the compound is again formed at the expense of the substance present,
and so on. A more thorough investigation of the conditions of equi-
librium has still to be carried out.

The formation of the corresponding hydromercurichloric acid can

be recognised on treating mercuric chloride with concentrated hydro-
chloric acid. Considerable amounts of that salt then pass into solution

with a remarkable rise of temperature, and the solution no longer
fumes

;
it therefore contains much less free hydrochloric acid. On

cooling, the mass solidifies to crystals of the composition HHgCl3 .

Mercuric chloride unites with mercuric oxide to form compounds,
oxychlorides, which have the general formula mHgC!2 . wHgO, in which
the ratio m : n can vary from 6:1 to 1:2. The various compounds
are obtained by treating varying amounts of oxide with more or less

concentrated solutions of the chloride at different temperatures. The

compounds comparatively rich in oxide are red, brown, or black, some
even violet ; those rich in chloride are lighter in colour, varying to

pale yellow. While the latter give up chloride to water, the former

do so only in a very slight degree, so that the aqueous solution of

mercuric chloride loses almost all its chloride on being shaken with

mercuric oxide. This reaction is made use of in the preparation of

hypochlorous acid from chlorine water by means of mercuric oxide.

693. Mercuric Bromide, HgBr2 ,
is a white, very slightly soluble

salt, which is very similar to the chloride, and can be readily obtained

from its elements. In all its chemical relationships also it is so closely

analogous to the chloride that the preceding description could be

repeated almost word for word. Its electrolytic dissociation is still

less than that of the chloride, its tendency to form complex compounds
greater.

694. Mercuric Iodide, HgI2 ,
is a red substance which is only

slightly soluble in water (1 : 120), but readily dissolves in alcohol,

from which it separates out on evaporation in red quadratic crystals.
It is most easily obtained by rubbing mercury and iodine together in

the proportions 4 : 5 by weight.
If the substance is heated it becomes yellow above 126, passing at

the same time into another crystalline form
;

on being kept in the

cold it again changes into the red variety. It is therefore an enantio-

tropic substance, and 126 is the transition temperature which separates
the two regions of stability from each other (p. 282).

If in any way, however, solid mercuric iodide is caused to form
at a lower temperature, it is always the yellow form that first appears.
This is one of the most striking examples of the rule which has often

been mentioned that the unstable forms appear first. This can be
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readily observed by precipitating mercuric chloride with a solution of

potassium iodide. A bright-yellow precipitate is first formed, which in

a few moments changes into the red one. The yellow form maintains

its existence longer when formed by the precipitation of an alcoholic

solution of the salt with water. In consequence of its very fine state

of division it is very light yellow, almost white, in colour. The con-

version into the stable red form is greatly accelerated by light. When
exposed to sunlight the vessel with the light-yellow precipitate becomes
red in a few minutes on the side turned towards the light.

Further, when the red salt is volatilised, the vapour always con-

denses on the colder portions in the yellow form. This occurs, no

matter whether the vapour has been generated from the red or the

yellow salt, which shows that the distinction between the solid forms

does not exist in the vapour.
Mercuric iodide is a very stable compound, which is scarcely attacked

by dilute solutions of the ordinary reagents. This is due to the fact

that it is even less dissociated into its ions than mercuric chloride

is. On the other hand, it is formed with extreme ease from its con-

stituents.

Mercuric iodide forms very stable complex compounds with the

iodine compounds of the other metals. These will be described

later.

The behaviour of mercuric fluoride is in striking contrast with the

great stability of mercuric chloride, bromide, and iodide. Mercuric

oxide, it is true, dissolves in excess of hydrofluoric acid, but on diluting
the solution with water a basic salt of yellow colour is deposited, and
if this is treated with further quantities of water pure mercuric oxide

remains behind free from fluorine compounds. This is a behaviour

peculiar to the oxy-salts of mercury, and shows the considerable devia-

tion of fluorine from the other halogens (p. 266).

695. Mercuric Sulphide. While a sulphur compound corre-

sponding to mercurous oxide is not known, the compound HgS, corre-

sponding to mercuric oxide, is a very stable substance which is readily

formed, occurs naturally, and has long been known.
If the solution of a mercurous salt is precipitated with sulphuretted

hydrogen, a black precipitate is indeed formed
;
but on investigation

this is found to be a mixture of mercuric sulphide and metallic mercury.
It can be assumed that the mercurous sulphide first formed decom-

poses into these two substances : Hg2S = HgS + Hg.
Mercuric sulphide is obtained as a black powder by triturating the

two components together. It is also obtained by the precipitation of

mercuric compounds with sulphuretted hydrogen. In this case it is

indifferent whether the solution reacts acid or neutral, since mercuric

sulphide is extremely sparingly soluble, and its precipitation is there-

fore not appreciably affected by acids. From the other metallic

sulphides it is distinguished by the fact that it does not have the least
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tendency to oxidise in the air. It is a much more stable compound
than mercuric sulphate, which could be produced by its oxidation.

In nature mercuric sulphide occurs in comparatively large quantities.
It constitutes the most important ore of mercury, and is called cinna-

bar. Pure cinnabar crystallises in red-grey hexagonal masses with a

metallic lustre, and on being ground yields a powder of a fine red colour.

It is another form of mercuric sulphide ;
the black product may be

regarded as amorphous.
From the fact that the black form was first produced in the forma-

tion of mercuric sulphide, it can be concluded that it is the less stable

and the red crystalline form the more stable variety. This follows

from the spontaneous transformation of the former into the latter. If

a solution of alkali sulphide (in which mercuric sulphide is somewhat

soluble) is poured over the black mercuric sulphide, red spots are

formed after some time in the black mass, and these continue to grow
until the whole mass has become red, i.e. has become converted into

the crystalline form.

The more stable red form can also be obtained by the slow sublima-

tion of the black sulphide.

Being the less stable form, the black mercuric sulphide must be

more soluble in all solvents than the red. If, therefore, the liquid is

saturated in respect of the black form, it is supersaturated in respect
of the less soluble red form, and if any of the red form is present, or

is produced, a further quantity of the red sulphide must there separate
out. The solution thereby becomes unsaturated in respect of the black

form, and a further portion of this is dissolved. In this way precipita-
tion and solution are repeated until the unstable form has completely

disappeared. Transformations of this kind are therefore generally
accelerated by solvents, since these act as intermediaries, whereas
otherwise only those portions of the two forms which are in direct

contact can influence one another.

On account of its fine colour cinnabar is used as a pigment. It is,

however, not very stable to light. The two forms of mercuric sulphide
are not appreciably soluble in dilute acids, and nitric acid also is with-

out action on them. They dissolve, however, in aqua regia or other

reagents, which evolve free chlorine. This behaviour is due to the

slight stability of the oxygen salts of mercury and the great stability
of the halogen compounds. This is made use of for the analytical

separation of mercury from the other metals, whose sulphur compounds
are insoluble in dilute acids, for all the other sulphides of this group
are attacked by nitric acid.

Mercuric sulphide dissolves abundantly in concentrated solutions

of the alkali sulphides. On dilution it is again almost completely

precipitated in the black form. This phenomenon is due to the forma-

tion of a thio-salt, i.e. of a saline compound in which sulphur takes the

place of oxygen (cf. p. 441). In this respect mercury forms a transition
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to the metals of the next group, in which this behaviour is general,

and in which the corresponding compounds exist even at great dilution.

The new chemical relations which are met with here will be discussed

in the case of these other compounds.
On passing sulphuretted hydrogen into solutions of mercuric salts,

white precipitates are first produced, which on further action of the

sulphuretted hydrogen become yellow, red, and finally black. These

are compounds of varying amounts of mercuric sulphide with the

mercuric salts present, which are decomposed by sulphuretted hydrogen
and converted into the pure sulphide. The behaviour is very char-

acteristic, and can be used for the direct identification of mercury in

the precipitation with sulphuretted hydrogen.

Mercury sulphide occurs in nature partly in fine crystalline form as

cinnabar, partly mixedwith other substances, as hepatic cinnabar. From

these, metallic mercury is obtained by simply roasting ;
the sulphur

is thereby converted into sulphur dioxide, while the mercury volatilises

as the metal. By condensing the vapours crude mercury is obtained,

and is purified mechanically by pressing through chamois leather.

696. Mercuric Cyanide, Hg(CN)2 ,
is a colourless salt, which is

fairly soluble in water, but does not exhibit the reactions either of

cyanidion or of dimercurion. The conclusion to be drawn from this,

viz. that it is not electrolytically dissociated, is confirmed by the fact

that its aqueous solution does not conduct the electric current, and

that the depression of the freezing point yields the complete molar

weight 252, which also shows the absence of dissociation.

As a result of the negligibly small degree of dissociation, the com-

pound is formed in all cases in which the ions cyanidion and

dimercurion come together even in very small concentration. Thus,

Prussian blue (p. 611), for example, is at once decomposed by boiling

with water and mercuric oxide, mercuric cyanide passing into solution,

and ferric oxide being deposited. This reaction is also employed for

the purpose of obtaining mercuric cyanide.
When it is heated in the solid state, it decomposes into cyanogen

gas, which escapes, and mercury, which distils into the colder portions

of the apparatus. This decomposition serves as a convenient method

of obtaining cyanogen gas (p. 442). In this process a portion of the

cyanogen always separates out in the polymerised condition as a black-

brown powder of paracyanogen.
If the solution of mercuric cyanide is mixed with that of an alkali

cyanide, a considerable evolution of heat occurs, which indicates the

formation of a new compound. This can also be obtained in the solid

state
;
the potassium compound has the composition K2Hg(CN)4, and

is the potassium salt of a mercuricyanidion Hg(CN)4", which is similar

in composition to the nickelcyanidion (p. 649).

The corresponding acid H2Hg(CN)4 is not very stable, but decom-

poses readily into mercuric cyanide and hydrocyanic acid.



700 PRINCIPLES OF INORGANIC CHEMISTRY CHAP.

697. Complex Compounds of Mercury. As might be expected
from the slight dissociation of the halogen compounds of mercury, this

metal has a great tendency to form complex compounds, the aqueous
solutions of which contain dimercurion only in extremely small amount,
and in which mercury forms a component of more complex ions or salts.

Such complex compounds are met with, on the one hand, in the case

of the halogen derivatives ;
on the other hand, sulphur and nitrogen

also have the power of forming many such compounds with mercury.
On account of the large number of such substances these cannot be

treated exhaustively here, and the characterisation of the most im-

portant types must suffice.

In the first place, the three heavier halogens form such complex

compounds, the stability of which increases with the combining weight
of the halogens. The most important type represented here is that

of the halogenmercuric ion HgA4", where A denotes the halogen. It

will be sufficient if we describe the relations in the case of the iodine

compound, which is the most stable, and which, on account of the slight

solubility of mercuric iodide, gives rise to the most readily understood

phenomena.
Mercuric iodide readily dissolves in aqueous solutions containing

iodidion, and it does so all the more abundantly the more concentrated

the solutions. On dilution, mercuric iodide is precipitated, but there

always remains in the solution rather more of it than corresponds to

the relation HgI2 : 21'. The solutions are pale yellow in colour, exhibit

none of the reactions of mercury, and partly yield the corresponding
salts in the solid state on evaporation, e.g. the potassium salt K2HgI4 ;

they contain the complex anion HgI4".

No mercuric oxide is precipitated from their solutions by the

addition of strong bases
;
on the other hand, mercuric oxide dissolves

abundantly, for example, in a solution of potassium iodide yielding a

solution with a strongly alkaline reaction. In this case the reaction

4KI + HgO +H2
=K

2HgI4 + 2KOH, or writing the ions, 4I' + HgO +
H2

= HgI4

"
+ 20H', takes place to a large extent. Such an alkaline

solution of potassium mercuric iodide is used under the name of
"
Nessler's

reagent
"

for the detection of small traces of ammonia. This reaction,

which depends on the formation of a new complex compound, will be

discussed at a later point.
Bromine and chlorine form complex compounds which are similar

but less stable.

Some apparent contradictions in the behaviour of the mercury

compounds can be explained by the formation of these stable, complex

compounds. Thus, it was mentioned on p. 690 that dimercurion in

contact with metallic mercury passes into monomercurion. If, how-

ever, mercurous iodide is treated with potassium iodide, metallic

mercury is deposited, and half of the mercury passes as iodide into

solution. The reaction represented in the ordinary manner, is :
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2HgI + 2KI =K2HgI4 + Hg. The reaction of the ions is: 2HgI +
21' = HgI4

" + Hg ;
it is therefore not dimercurion that is formed, but a

complex compound (which, according to its state of oxidation, belongs
to the mercuric series), and there is therefore no contradiction of the

former reaction between the two mercury ions.

A similar but increasingly weaker action occurs between potassium
bromide and mercurous bromide, and even between the chlorine com-

pounds. The more concentrated the solution of a soluble chloride is,

the greater is its solvent action on calomel, mercury being separated
out in the metallic state and (undissociated) mercuric chloride passing
into solution. On account of the powerful physiological actions of

the latter salt, a knowledge of this reaction is of importance in medicine.

Calomel is of course still much more soluble in potassium iodide

and all other liquids containing iodidion.

698. Complex Ammonia Compounds. Both series of mercury

compounds give rise to the formation of complex compounds with

ammonia
; only the substances belonging to the mercuric series,

however, have been thoroughly investigated. If ammonia is allowed

to act on mercurous salts, these become black. The reaction has the

appearance as if mercurous oxide were precipitated by the base
;
the

black precipitates, however, contain nitrogen, and can be regarded as

ammonium salts in which two combining weights of hydrogen are

replaced by two combining weights of mercury. Besides this series

of compounds there are, however, other compounds which are formed

at the same time as the first series, so that the composition of the

black precipitates differs in many respects from the simple scheme.

The preparation of the single salts is greatly increased in difficulty

by the fact that they are not soluble and, therefore, cannot be

recrystallised.

This blackening is used as a characteristic test for ammonia, paper
moistenedwith mercurous nitrate being held in the gas to be investigated.
The reaction is, however, less sensitive than that with litmus

paper.
The complex ammonium compounds of the mercuric series can

also be regarded as ammonium salts in which the hydrogen of the

ammonium is replaced by mercury, only that in this case one combining

weight of mercury, on account of its bivalency, replaces two combining

weights of hydrogen. From these considerations we obtain, in the

first instance, the following cations :

Dimercurammonion . ... Hg2
N'

Mercurammonion . . . . HgH2
N'

Mercurdiammonion ..... HgH N2

"

In the case of dimercurammonion, all the hydrogen of the

ammonium is replaced by mercury ;
in mercurammonion, only the

half
;
and mercurdiammonion, finally, corresponds to two combining



702 PEINCIPLES OF INOKGANIC CHEMISTRY CHAP.

weights of ammonium, which have together lost two hydrogens, these

having been replaced by one combining weight of mercury.
The hydroxide corresponding to dimercurammonion is obtained on

allowing finely divided mercuric oxide to stand under concentrated

ammonia solution. Without apparently any great change taking place
the colour only becomes somewhat lighter there occurs the reaction,

2HgO +NH3
= Hg2N(OH) +H20. The hydroxide produced is almost

insoluble in water, explodes on being heated, and forms with most of

the acids yellow to brown coloured salts, which are also almost insoluble.

Of these, the iodide is the best known, as it is formed as a brown pre-

cipitate when ammonia is added to an alkaline solution of potassium
mercuric iodide (p. 700). Even extremely small amounts of ammonia
can in this way be detected by the yellow-brown coloration of the

liquid, and this reaction, called by the name of its discoverer, the

Nessler reaction, is used both for the detection and the approximate
estimation of very small amounts of ammonia, such as occur, for

example, in the ordinary water-supply. For quantitative purposes the

coloration which is produced by the water to be investigated, is com-

pared with a series of colours produced by kno^n, graduated amounts
of ammonia (in the form of very dilute solution of ammonium chloride)
under the same conditions.

Of the two other types, the chlorine compounds are the best

known
; they are formed by precipitating solutions of mercuric chloride

under different conditions with ammonia. If a solution of the mercury
salt is added in the cold to excess of dilute ammonia, mercurammonium

chloride, HgH2NCl, is precipitated as a white substance which, on being

heated, sublimes with decomposition without previous melting. The
sublimate consists chiefly of calomel, while a mixture of nitrogen
and ammonia escapes ;

the latter generally blackens the sublimate

of calomel: 6HgH2NCl = GHgCl + 4NH3 + N2 . This compound was

formerly used as a medicament, and was called infusible precipitate.
If the ammonia is allowed to act on the mercuric chloride in hot

solution in the presence of much ammonium chloride, a liquid is obtained

which is clear when hot, and which on cooling deposits small crystals
of a white salt

;
this is the chloride of mercurdiammonium, and has,

therefore, the formula HgH6
N2Cl2 . This formula can be resolved

into mercuric chloride plus ammonia, HgCl2 + 2NH3 ;
the complex

nature of the salt is, however, seen from the fact that it does not evolve

any ammonia with a solution of caustic potash, and is only decom-

posed by this reagent on being strongly heated. Since on being heated

the salt melts to a clear yellowish liquid, it was called fusible

precipitate to distinguish it from mercurammonium chloride or infusible

precipitate.

Besides the above compounds, there are others belonging to the

ammonia series which, however, will not be mentioned here, as they
have not been investigated in sufficient detail.
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699. Other Complex Nitrogen Compounds. Another complex
mercury salt containing nitrogen which must be mentioned is potassium
mercurinitrite, K2Hg(N02 )4, which is obtained by dissolving mercuric

oxide in a solution of potassium nitrite (whereby there is an evolution

of heat), and destroying the basic reaction with acetic acid. From
the solution a finely crystalline, bright-yellow salt is obtained, which
has the above composition, and is readily soluble in water. The
solution is neutral, and can .be boiled without decomposition ; it does

not exhibit, therefore, any of the hydrolysis of the normal mercuric

salts.

Further, mercury enters extremely readily into organic compounds
containing the imide group, NH. The substances produced do not

exhibit the reactions of mercury, and therefore contain this element in

a complex. Since they belong to organic chemistry, however, the

statement that they are characteristic of mercury must suffice here.

Compounds, further, containing the amide group, NH2 ,
show these

properties, but in a less degree than the imido compounds.
To this class also belong the cyanogen compounds, concerning

which the necessary information has already been given (p. 699).

700. Complex Sulphur Compounds. The tendency of the two

elements, sulphur and mercury, to combine, which is disclosed in the

great stability of mercuric sulphide, asserts itself also in the formation

of complex compounds on allowing the lower oxyacids of sulphur and

mercury compounds to come together. Thus, mercuric oxide dissolves

in the normal alkali salts of sulphurous acid and thiosulphuric acid,

with great rise of temperature and production of an alkaline reaction
;

in these two salts most of the other sparingly soluble salts of mercury
are also readily soluble. The cause in both cases is to be found in

the disappearance of dimercurion, owing to the formation of a complex
compound.

By dissolving mercuric oxide in potassium sulphite and crystallis-

ing, there is obtained the salt K2Hg(S03 )2 ,
which is the potassium salt

of mercurisulphosion, Hg(S03 )2

"
; potassium hydroxide is also formed

at the same time, and remains in the mother liquor. The existence

of this salt in the strongly alkaline liquid is sufficient to show that we
are dealing here with a complex compound of mercury, as mercuric

oxide would be precipitated from an ordinary salt. In acid solution

decomposition soon occurs, with separation of mercurous sulphate.
The composition of the solid salt which is obtained by the action

of mercuric oxide on potassium thiosulphate is less simple. It has

the composition K10Hg3(S2 3 )8 ,
and it has not yet been determined

whether this also expresses the composition of the anion in solution,

or whether we are dealing with a double salt formed from a salt with

a more simple anion and potassium thiosulphate, such as 3K2Hg(S2 3 )2 .

This salt is also very stable in alkaline solution
;

in acid solution
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it deposits mercuric sulphide in the black form when the separation
takes place quickly, and red when it occurs slowly. The cause of this

difference lies in already known principles.
701. Thermochemistry of Mercury. On account of the many

slightly dissociated compounds which mercury forms, the thermo-

chemical relations of that metal exhibit a greater diversity than is

found in the case of the other metals. The law of thermoneutrality,
for example, which refers strictly only to completely ionised salts,

entirely loses its validity here, and instead of the heat effect being
zero on mixing two neutral salts, there is a more or less considerable

evolution of heat when with the ions of mercury there come together
such ions as unite with these to form undissociated compounds.

Thus the heats of neutralisation of mercuric oxide with the

different acids are as follows :

Nitric acid . . 27 kj

Hydrochloric acid . ... . . 79

Hydrobromic acid . . . . . . 146,,

Hydrocyanic acid . . .
.

. . . 130

Hydriodic acid . . . . . . 192,,

The first four numbers are comparable, as they refer to the dissolved

substances
;

the last refers to the solid mercuric iodide, and is there-

fore too large by the unknown heat of precipitation (the heat of solution

with opposite sign). The differences of the numbers give the heat

which is evolved in the mutual displacement of the respective ions.

The three halogen compounds also dissolve with slight evolution of

heat in the corresponding halogen compounds of potassium.
The heats of formation of the solid mercury compounds are as

follows : Mercurous oxide, Hg20, 93 kj ; chloride, Hg2Cl2 ,
262 kj ;

bromide, Hg2
Br

2 ,
205 kj ; iodide, Hg2I2 ,

119 kj ;
mercuric oxide,

HgO, 87 kj ; chloride, HgCl2 ,
223 kj ; bromide, HgBr2 ,

169 kj ; iodide,

HgI2 ,
102 kj ; sulphide, HgS, 20 kj.

It is very remarkable that the heat of formation of mercuric oxide

amounts to 87 kj, while that of the sulphide is only 20 kj, although
the latter is incomparably more stable than the former.



CHAPTER XXXVIII

SILVER

702. General. On account of its remarkable properties and of its

occurrence in the metallic state, silver is one of the longest known
metals. It is also a typical example of a

"
noble

"
metal, i.e. one which

does not undergo oxidation in the air either in the cold or in the heat
;

under the most varied conditions, it completely retains its metallic

character, even externally. This resistibility, together with its fine

lustre, its plasticity, and comparatively scarce occurrence, have assured

for silver its use for costly articles and for coinage. On account of

the property possessed by many silver compounds of undergoing
chemical change when exposed to light, this metal has found a very
extensive technical application in photography. Further, the sparing

solubility of many silver compounds, especially the halogen derivatives,

has conditioned the use of silver as a reagent in the laboratory, and
has made it indispensable for such purposes.

In its chemical behaviour silver exhibits various relationships. A
bond of union with the alkali metals is formed by its elementary ion ;

some silver compounds are also isomorphous with the corresponding
sodium compounds. The sparing solubility of its halogen compounds
allies it to the cuprous, mercurous, and the thallous compounds ; the

last-named metal forms the connecting link between silver and the

alkali metals.

Silver is a metal of a fine white colour, which melts at 945, and in

the air behaves indifferently towards the oxygen and water vapour.
It is attacked, however, by sulphuretted hydrogen, being converted into

silver sulphide ; many organic sulphur compounds, and the soluble

metallic sulphides, act similarly. Even at a comparatively high

temperature oxygen under ordinary pressure does not act on silver ;

if, however, the pressure is increased, the pressure of decomposition
of silver oxide is soon exceeded, and the latter is formed from silver

and oxygen.
Besides the white silver in coherent condition, there are other

forms of this metal. Thus, when silver is precipitated in the metallic

705 2z
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state from solutions by means of reducing agents, it can assume a great

variety of colours according to circumstances. It appears that the

yellow and brown forms of silver, more especially, which separate out

under the action of light on mixtures of silver salts and organic sub-

stances (which have a reducing action) are amorphous ; they are

more quickly attacked than the grey and black forms of silver, and

also change into these under the influence of catalysts.

Metallic silver also has the property of passing into the colloidal

condition. This colloidal silver is obtained by reducing silver in

alkaline liquids, and also when an electric arc is produced between

silver electrodes under water
; by the latter means, the silver is first

volatilised and then suddenly precipitated in the surrounding water,

whereby it passes into the less stable form of colloidal silver. These

solutions are of a brown or red colour
;

the forms of colloidal silver

obtained by chemical means dry up to masses with a metallic lustre,

the colour of which can be altered by slight influences, so that it passes

through all shades of yellow, red, violet, and green. Notwithstanding
their metallic lustre, these masses do not behave like metallic silver,

since they do not conduct the electric current. They are unstable,

and are converted by many catalytic influences into ordinary white or

grey silver.

Silver is not attacked by dilute acids except nitric acid, which

readily dissolves it with evolution of nitric oxide and formation of

silver nitrate. It dissolves to the sulphate, also, in concentrated boiling

sulphuric acid, whereby sulphur dioxide escapes. It is very resistant

to basic substances
;
crucibles and dishes of silver are used in the labora-

tory in working with caustic potash and soda, as this metal is not

attacked to any considerable extent even on fusing these substances.

In the pure state silver is a white tenacious metal, which can be

readily drawn into wire, and made into very thin sheets by rolling or

hammering. For use it is alloyed with 10 per cent of copper in order

to make it harder. It conducts heat and electricity very well, and

occupies, in this respect, the first place among the metals.

The combining weight of silver is an important magnitude, since on

account of the excellent properties of its halogen compounds for analysis,

many other combining weights have been determined by means of

these. It has the value 107-88.

703. Argention. Silver forms only one kind of elementary ion,

viz. univalent argention, Ag'. Besides this, it can enter into many
complex ions, especially such as contain nitrogen and sulphur.

Argention is colourless, and with respect to the properties of its

compounds, it is allied to the univalent ions of copper and mercury.
On the other hand, there exist relations of isomorphism with sodium.

It is the ion of a strong base, for the soluble silver salts react quite
neutral and exhibit no hydrolysis, although almost all the salts of "the

heavy metals do.
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This is not in conflict with the fact that argention passes readily
into the metal and is formed from this with difficulty, for we are dealing
in the two cases with essentially different chemical relations and trans-

formations. The heat of formation of argention from the metal has
a large negative value

; 106 kj must be absorbed in order that silver

may pass into its ion. Metallic silver is also readily prepared from
its salts

;
as a rule, contact with any organic substance, especially in

light, is sufficient for this, these substances then becoming brown or

black in colour owing to the finely divided silver which separates out.

Argention is a strong poison for all organisms. Its actions, how-

ever, are restricted by the chloridion, which is everywhere present, and
with which it forms a sparingly soluble compound.

704. Silver Oxide. From the solutions of the silver salts soluble

bases do not precipitate the hydroxide as one would expect, but its

anhydride, silver oxide, Ag20. This is a brown powder, which is

sufficiently soluble in water to impart to it an alkaline reaction to

vegetable dyes, and which combines very readily with acids to form
silver salts. In the laboratory it is used to remove halogen from
dissolved halogen compounds, and to replace it by oxygen or hydroxyl.
For this purpose it is freshly prepared, or after being prepared, it is

kept under water, since it coheres together on drying, and is then

prevented by its physical condition from complete reaction.

On being heated, silver oxide decomposes even under a red heat

with evolution of oxygen, and a white powder of silver is left behind.

705. Silver Nitrate, AgN03 ,
is the most important of the soluble

silver salts. It is obtained by the solution of metallic silver in nitric

acid. Since ordinary silver contains copper, the silver nitrate is freed

from the copper salt which is formed at the same time by evaporation
and fusion. The copper nitrate is thereby decomposed into copper
oxide, which remains behind, and nitrogen peroxide and oxygen, which

escape, while the silver nitrate is undecomposed. By treating the

residue with water and filtering from the copper oxide, a pure solution

of silver nitrate is obtained.

Silver nitrate is very readily soluble in water. It crystallises from

solution in monoclinic, anhydrous crystals which, in the pure state, are

colourless and stable, but in contact with organic substances, especially
under the action of light, they are reduced and become blackened.

For this reason, and on account of its action on the albuminoids, with

which it forms insoluble compounds, it is used in medicine as a cauteris-

ing agent, and from this it has derived its trivial name lunar caustic.

For this purpose it is usually cast into thin rods
;
the melting point of

the salt is very low, viz. 200. Silver nitrate is also soluble in alcohol,

especially if the latter contain water.

In the laboratory the solution of silver nitrate is used for the

detection and determination of the halogen ions, which combine with

argention to form sparingly soluble compounds. It is also used as
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the starting substance in the preparation of the compounds used in

photography.
706. Silver Chloride. When argention and chloridion come

together in aqueous solution, there at once separates out, if the solutions

are not extremely dilute, a white precipitate which becomes flocculent

on being shaken, and turns grey on being exposed to light. This is

silver chloride, AgCl. The compound also occurs in nature, and, on

account of its outward appearance, is called horn silver
;

it is a brownish

substance which can be cut with a knife.

Silver chloride is soluble to an extremely small degree in water
;

measurements have shown that at medium temperatures 1-5 milligm.
of the substance is contained in one litre of saturated silver chloride

solution. It is considerably more soluble in concentrated solutions of

other chlorides ;
this is probably due to the formation of small quantities

of complex compounds, a well-marked type of which we shall later find

in the case of silver cyanide. Silver chloride also dissolves in ammonia,
in thiosulphates, and in cyanides ;

the cause is, in this case also, the

formation of well-known complex compounds.
When exposed to light, silver chloride passes into a grey-violet

coloured substance, which is not metallic silver, as it does not dissolve

in dilute nitric acid. It has recently been shown that silver sub-

chloride, Ag2Cl or Ag4Cl2 ,
is here formed, which can be again con-

verted into silver chloride by means of chlorine. Under the influence

of the light, a decomposition of the silver chloride into sub-chloride

and free chlorine occurs
; equilibrium is established when the concen-

tration of the chlorine in contact with these two substances has reached

a definite value. This value is all the greater the stronger the light,

and becomes vanishingly small in darkness. In the case of this equili-

brium, therefore, the strength of the light plays a role similar to that

of temperature in the decomposition of calcium carbonate by heat.

If the decomposition is carried out under such conditions that the

chlorine can pass into other compounds, it is unlimited, and occurs in

proportion to the strength of the light and to the time. The use of

silver chloride for making copies of photographic negatives depends on

this. The binding of the liberated chlorine is effected by the organic

compounds which are always present.
The action of light on silver chloride takes place more slowly than

in the case of the other halogen compounds of silver. It is therefore

not used for taking photographs directly, as it is not sufficiently sensitive

for this purpose.
In the case of silver chloride, it is the blue and the violet rays

that exhibit the greatest chemical activity. The region of active rays,

however, can be shifted to a considerable extent by the presence of

other substances.

Silver chloride is the form in which chloridion is identified and
estimated ; the estimation is effected by adding excess of silver nitrate
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to the solution in question, and filtering off and weighing the silver

chloride produced.

Conversely, silver can be estimated in the form of silver chloride.

This method has been elaborated chiefly for the estimation of this

metal in bar-silver in governmental mints. The method is carried out

by dissolving a weighed amount of the metal, and adding a solution

of sodium chloride of known strength until a precipitate just ceases

to be produced. The property of silver chloride of cohering together
renders this method possible ;

for a solution which still contains an
excess of silver chloride can be made quite clear by shaking, because
the silver chloride forms into flakes, which in a few moments sink down
and leave a clear liquid. It is easy to see if a turbidity is produced in

this on the addition of sodium chloride. This is historically the first case

in which the method of volumetric analysis (p. 215) was elaborated.

Silver chloride accumulates from many chemical analyses ; further,
it is a form of compound into which other silver compounds can be

readily converted, and in which silver can be separated from other sub-

stances. The need often arises, therefore, of again preparing metallic

silver, or other compounds of silver, from the silver chloride. This is

most simply done by pouring dilute acid over the washed chloride and

placing a rod of metallic zinc in the paste. There then occurs the

reaction 2AgCl + Zn = ZnCl2 + 2Ag, and the chloride is reduced to

grey silver powder. This is freed from zinc chloride by washing, and
then readily dissolves in dilute nitric acid, forming silver nitrate.

707. Silver Bromide, AgBr, is similar to silver chloride, but is

considerably less soluble than this. It is obtained as a yellowish-white,

very fine precipitate from solutions in which its two ions come together.
It changes colour in light similarly to silver chloride, and in accordance

with the same laws. In ammonia silver bromide is much less soluble

than silver chloride, but it still dissolves fairly readily in thiosulphates.
Silver bromide is the most important substance for photographic

pictures, since the photographic plates at present used are chiefly
made with this. For their preparation ammonium bromide is added
to 'a solution of colourless glue or gelatine, and to this a solution of

silver nitrate is added, light being excluded, and care also being taken

that there is an excess of the bromide salt. Through the presence
of the gelatine the silver bromide is precipitated in a very fine, almost

colloidal condition. The precipitate is warmed some time with the

gelatine, whereby the silver bromide becomes larger grained, and also

increases in sensitiveness, i.e. in its power of being affected by the light.
1

1 This "
maturing" of the silver bromide takes place much more quickly in

ammoniacal than in neutral solution. On what this depends has not yet been made
clear

;
to some extent, at least, it is probably due to an incipient reduction to sub-

bromide under the influence of the gelatine, and it is in accordance with known laws

that reduction takes place more quickly in alkaline than in neutral or even acid

solution. The size of grain has an important influence, increase in the size of the grain

being accompanied at first, by an increased sensitiveness.



710 PEINCIPLES OF INORGANIC CHEMISTRY CHAP.

When the desired condition has been reached the mass is cooled until

it has become firm, and the ammonium nitrate which is formed and

the excess of ammonium bromide are washed out with water. The

washed mass is then drained, liquefied by warming, and used for coat-

ing glass plates ;
after drying, the glass plates are ready for exposure.

These silver bromide-gelatine plates can be made exceedingly sensitive

to light, so that exposures in a camera of less than a thousandth of a

second are sufficient to produce a picture.

At first nothing can be seen on the exposed plate ;
it must be

developed. Developing consists in placing the plate in a reducing

liquid. For this purpose there is used either a solution of potassium

ferro-oxalate (p. 614), or alkaline solutions of various organic com-

pounds. These liquids have the property of decomposing the silver

bromide into bromidion and metallic silver
;
the latter separates out as

a black powder. Owing to the exposure, now, the plate has acquired
the property that the reduction takes place first, and most strongly,

at those parts which have experienced the strongest illumination,

and gradually more weakly where the illumination was weaker. A
picture is therefore produced on a plate in which the bright parts
contain a dense, the dark parts a slight or no precipitate. If, after

sufficient development, the remaining silver bromide is removed by

dissolving in sodium thiosulphate, a
"
negative

"
is obtained, i.e. a

picture with opaque high-lights and transparent shadows.

On what the property of the illuminated silver bromide of being
more quickly reduced depends, is still somewhat a matter of dispute.

By far the most probable view is that under the action of the light an

incipient reduction occurs, and therefore a picture of silver sub-bromide

exists even in the undeveloped plate, and is invisible only on account

of its small density. This is confirmed by the fact that by treatment

with free bromine or any other oxidising agent, the
"
latent

"
picture

is made to disappear, i.e. its power of being developed is destroyed.

The development, now, depends on the fact that a supersaturated
solution of silver is produced by the reducing liquid, from which metal

is deposited at those parts where there are already nuclei of silver

present (p. 514). These are presumably formed by the developer
from the readily reducible sub-bromide.

708. Silver Iodide, Agl, is also immediately formed when its

ions come together, and of the three halogen compounds of silver it is

by far the most sparingly soluble. It is a yellow powder which is

dissolved only in traces, even in ammonia, and requires comparatively

large amounts of sodium thiosulphate for its solution. It readily

dissolves, however, in potassium cyanide. This proves that the con-

centration of argention is relatively greatest in its complex ammonia

compound, is smaller in the thiosulphate compound, and is smallest in

the cyanogen compound.
Silver iodide was formerly chiefly used as photographic substance,
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and this both for the method of Daguerre (the first real photographic
method) and for the later collodion process which is still in use for

particular purposes.
The method of Daguerre depends on the fact that the

"
develop-

ment "
of an exposed silver iodide plate is accomplished by exposing

the illuminated plate to the vapours of mercury.
1 A plate of silver

(or of copper coated with silver) is exposed to the vapours of iodine,

illuminated in the camera, and finally introduced into mercury vapour.
The small drops of mercury are then precipitated chiefly on those

parts which have been most illuminated, and when the plate is so

viewed that the parts remaining bright reflect a dark surface, the dull

parts coated with mercury appear bright, the other parts dark ;
a

positive is therefore directly obtained.

That the mercury vapour is deposited differently on the illuminated

parts from what it is on the non-illuminated, was subsequently recog-
nised as a case of a general phenomenon ; every change in a surface

conditions a change in the condensation of a vapour, apparently"owing
to the alteration of the

"
metastable limit

"
(p. 49).

In the collodion method an iodide is dissolved in collodion (a solution

of gun-cotton in ether, which, on evaporation of the ether, leaves the

dissolved substance behind in the form of a glassy skin), the collodion

spread on a glass plate, and this then introduced into a solution of

silver nitrate. Silver iodide, which is sensitive to light, is then pre-

cipitated in the layer. In this case also the picture must be developed.

The development is carried out with a solution of ferrous sulphate,
which reacts with the silver nitrate which moistens the film, and causes

a separation of silver. This separation does not take place instantane-

ously, and the separated silver is deposited chiefly on the illuminated

parts. The theory of this development is therefore the same as in the

case of the silver bromide plates, and depends on the behaviour of

nuclei towards supersaturated solutions. After development the plate
is treated with a solution of potassium cyanide, in which the excess

of silver iodide is dissolved, while the silver of which the picture consists

remains undissolved.

1 The history of the discovery of this method is instructive ;
it is related as follows.

Daguerre had first attempted to utilise directly the blackening of silver iodide in light,

and had directed his efforts to preparing the layer in such a way that the blackening
should occur as quickly as possible. On one occasion he had just begun to take a

picture, but had to interrupt his work, and since no blackening had as yet made its

appearance on the plate, he intended to use it for a further experiment, and placed it

therefore in a dark cupboard. Next day he found the picture on the plate. He was soon

able to assure himself that a picture was always produced when he placed a plate, after

a short exposure, in the cupboard, but was unaware as to which of the objects present

there produced this effect. He therefore removed these objects one after the other,

but still always obtained pictures even when the cupboard was quite empty. In other

cupboards, under the same conditions, no picture was produced. Finally, he discovered

some mercury which had been spilt in the joints of the wood, and on making the appro-

priate experiment, he found that the picture was developed by being left over metallic

mercury.
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The silver iodide method has in most cases been superseded by
the silver bromide method, because the silver bromide plates can be

prepared any length of time before being used, and are also much more

sensitive to light, whereas the silver iodide plates must be used wet.

The latter, however, give sharper and clearer pictures, and are used in

cases where this property is of especial importance, e.g. in the photo-
mechanical preparation of printing blocks.

709. Silver Sulphate, Ag2S04 ,
is a rather sparingly soluble salt

which is obtained by the action of concentrated sulphuric acid on

metallic silver. It is more soluble in dilute sulphuric acid, with forma-

tion of an acid salt. It is isomorphous with anhydrous sodium

sulphate.
710. Silver Carbonate, Ag2C03 ,

is obtained as a bright yellow
coloured precipitate by the precipitation of a soluble silver salt with

a soluble carbonate. The existence of the normal carbonate is a

further proof that silver hydroxide is a strong base, since otherwise

in the case of the heavy metals the partially hydrolysed basic

carbonates are almost the only ones that can be obtained from

aqueous solution.

711. Silver Sulphide, Ag2S, is formed as a black-brown pre-

cipitate when silver solutions of any kind are treated with sulphuretted

hydrogen. The sulphide is extremely sparingly soluble, and is also

formed even in solutions in which silver is contained as a complex

compound. The explanation of this is that the ions of the metals

are also separated from the complex compounds, although generally
in exceedingly small amount. In the case of the silver salts the con-

centration of the argention so produced is almost always sufficiently

great for the small solubility product of the silver sulphide to be exceeded

when sulphidion is added to the solution.

The ease with which silver sulphide is formed from metallic silver

and sulphur compounds has been already mentioned (p. 705). It is

made use of in analytical chemistry for the detection of sulphur in its

compounds. The latter are fused with soda and charcoal, whereby
sodium sulphide is formed, and the mass placed on moistened, polished
silver-foil. If sulphur is present a brown stain is produced of silver

sulphide.
Silver sulphide is readily oxidised by nitric acid and converted

into silver sulphate. It undergoes the same transformation on being

carefully heated in the air. A method of obtaining silver from the

naturally occurring silver sulphide, silver glance, depends on this. The

sulphate which is formed is extracted with hot water.

712. Silver Cyanide. When argention and cyanidion come

together, the compound AgCN separates out as a white precipitate,

very similar to silver chloride
;

it is readily soluble in an excess of

the cyanide, forming a complex compound which no longer exhibits

most of the silver reactions. Only the precipitation with sulphuretted
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hydrogen occurs, in consequence of the very, small solubility of silver

sulphide.
The compound which is present in the solution is the salt of argenti-

cyanidion, Ag(CN)2

'

;
on using potassium cyanide, therefore, potassium

argenticyanide, KAg(CN)2
. From the solution the salt KAg(CN)2 can

easily be obtained in white crystals. Since the complex ion Ag(CN)2

/

is very stable, and splits off extremely little argention, the soluble

cyanides are solvents for all silver salts except silver sulphide.
Potassium argenticyanide is used in the arts for the electrical

deposition of silver on other metals. For the solutions of this salt

have the valuable property that the silver is obtained from them in

the form of a coherent coating, while in the electrolysis of the simple
silver salts the metal is deposited crystalline. From the latter also

silver is at once precipitated by chemical displacement on contact with

the less noble metals which are to be silvered
;

it is then obtained in

the form of a grey powder, and cannot adhere to the underlying metal,

for the simple reason that the surface of this is dissolved in the chemical

process.
In the solution of the complex salt, however, the concentration of

the argention is so small that this direct reaction does not occur to a

measurable extent, and the separation of silver takes place only on

passing the electric current.

On considering the formula of potassium argenticyanide,
K . Ag(CN)2 ,

it is seen that the product of electrolysis should be, on

the one hand, potassium, and, on the other, the discharged anion,

Ag(CN)2
. Instead of this silver appears at the cathode, and the anode

(consisting of silver) dissolves. We are dealing in both cases with

so-called secondary reactions.

The separation of kalion at the cathode would require a much

higher potential than that of argention, in spite of the small concentra-

tion of the latter. Thus the conduction of the current in the electrolyte,

it is true, is effected as far as the cathode by kalion. The transference

of electricity at the cathode, however, occurs not by the discharge
of kalion, but by that of the argention. Formally, the matter can

also be expressed by saying that potassium is indeed formed, but at

once undergoes double decomposition with the salt present with separa-

tion of silver, according to the equation KAg(CN)2 +K = Ag + 2KCN.
Silver and potassium cyanide are therefore formed.

At the anode the ion Ag(CN)2

'

is discharged, and acts on the metallic

silver, silver cyanide being formed according to the equation

Ag + Ag(CN)2

' = 2AgCN. This is at once dissolved to potassium

argenticyanide by the excess of potassium cyanide present, and the

consumption of the latter is again made good by the potassium cyanide
which is formed at the cathode. It is necessary, however, to keep the

bath in movement, as otherwise the potassium cyanide would accumu-

late at the cathode, and would hinder the separation of the silver,
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while at the anode a deposition of silver cyanide would immediately
occur on account of a lack of potassium cyanide.

713. Complex Salts in the Voltaic Cell. When voltaic cells

are constructed with silver in solutions of ordinary silver salts, it is

found that silver is almost at the end of the potential series, which is

a sign that the formation of the ion takes place with greater difficulty

than in the case of most of the other metals, and conversely, the ion

is very ready to pass into the metal. Thus with zinc there is obtained

the potential 1-57 volt, and even with copper there is a potential of

047 volt (p. 667). If, however, the solution at the silver electrode

is replaced by a solution of potassium cyanide, then according to the

concentration of this the potential of silver sinks much below copper,
and with very concentrated solutions can even fall below zinc. In

the solution of potassium cyanide the silver loses its character as a

noble metal, and acquires that of a readily oxidisable one. This is

also apparent chemically, for if silver powder is shaken with a solution

of potassium cyanide it is fairly rapidly dissolved, and on being acidified

a white precipitate of silver cyanide is deposited from the liquid.

Similar phenomena are often found in the case of substances which

form complex compounds with silver (and other metals behave quite

similarly). To find the explanation we shall first make ourselves

acquainted with another, generally smaller, deviation from the potential
series.

Cells can be constructed in which one of the metals, instead of

being surrounded by a solution of its salt, is in contact with its solid

salt. This is the case, for example, in the lead accumulator, one

electrode of which is formed of lead in solid lead sulphate (p. 685). If

the potential of such cells is investigated, it is found that the particular
metal has always shifted its position in the potential series, and always,
without exception, towards the zinc end. Thus in a cell of zinc and

silver there is found, when the zinc electrode is left unchanged :

Zinc against silver in silver nitrate . . . 1'57 volt

silver chloride . . . 1'06

silver bromide . . . 93
silver iodide . . . 0'66

In the case of the iodide, therefore, the potential decreases by
0-91 volt, and is considerably different for the three

"
insoluble

"

salts.

The explanation is found on more closely studying the process
which occurs on the passage of the current through such a cell. On
the silver side the silver is transformed from the ionised state into the

metallic. Argention, however, can exist only in solution. We must
therefore conclude that, in spite of their apparent insolubility, all the

above salts are really dissolved. This has also been proved in other

ways, for if as pure water as possible is shaken with silver chloride the

electrical conductivity perceptibly increases, i.e. conducting ions pass
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into the liquid, and these can only be silver and chloride ions, since

none other are possible.

Now, the work which is necessary for the separation of an ion from

its solution depends not only on the nature of the ion, but also on its

concentration in the solution, and it becomes all the greater the smaller

the concentration. Conversely, a metal passes all the more readily
into its ion the smaller the concentration of this in the solution in

which it is to be formed. If this is correct the position of every metal

must be shifted towards the zinc end, when it is placed in a solution

which is less concentrated in respect of this ion, and vice versa. It must
therefore be possible to construct cells which will exhibit an electro-

motive force, simply by placing the same metal in two solutions of

one of its salts of different concentration. This is indeed the case,

and the currents which are thereby produced act always in such a

sense that the metal in the dilute solution is dissolved ; conversely,

in the concentrated solution metal is deposited. In other words, the

currents tend to equalise the differences of concentration.

The differences in the potential of the silver in the table given
above are, therefore, the expression of the differences in the concentra-

tion of argention in the different cases, i.e. of the solubility of the respective

silver compounds. Of the three halogen compounds the chloride is

the most soluble, the iodide the least
;

this result agrees exceedingly
well with other known facts.

On attempting to apply these considerations to the case of silver in

a solution of potassium cyanide, there appears to be a contradiction,

for silver occupies its remarkable position even in a solution of potassium

argenticyanide, in which the amount of silver present can be very
considerable. The contradiction is removed on reflecting that it is

not a question of the absolute concentration of silver in the solution,

but of the concentration of the argention. This and this alone is deter-

minative for the electrochemical interchange between the electrode and

the solution, and as we already know that the concentration of argention
in the complex solutions is very small, the agreement is perfect.

This result can be still somewhat more closely tested. It has

been stated that silver iodide readily dissolves in potassium cyanide.

According to the doctrine of the solubility product, this is possible,

only if the concentration of argention in the solution of potassium

cyanide is smaller than in the saturated aqueous solution of silver

iodide. If, however, this is the case, then the potential of the silver in

the solution of potassium cyanide must be shifted more towards the zinc

end than in the solution of potassium iodide. This has been shown

by experiment to be the case. In a moderately concentrated solution

of potassium cyanide containing silver, the potential of silver against

zinc was found to be 0-26 volt, while for silver iodide it is 0-66 volt.

714. Silver Thiocyanate. Silver thiocyanate, AgSCN, is, in

appearance and solubility, very similar to the chloride. It is formed
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as a white flocculent precipitate when its ions come together in aqueous
solution.

On account of the ease with which thiocyananion can be detected

by means of triferrion (p. 607), it is employed for the determination of

silver in analysis. For this purpose a ferric salt (generally iron alum)
is added to the silver solution, which is then acidified with nitric acid.

Into this a solution of potassium thiocyanate of known strength is

allowed to flow from a burette until the red colour of the ferric thio-

cyanate remains after stirring. The amount of silver present is pro-

portional to the amount of thiocyanate solution employed.
In the same way the halogen ions can be determined by adding to

the solutions a known excess of silver solution, and titrating back the

latter with thiocyanate solution. While this method possesses no

difficulty in the case of bromidion and iodidion, the reaction is some-

what less definite in the case of chloridion, because when the titration

is finished the slight excess of thiocyananion present undergoes double

decomposition with the silver chloride, and the iron coloration thus

becomes much weaker. The reaction can be made much more sensitive

by addition of ether (p. 607).

715. Complex Silver Compounds. In the preceding descrip-
tions of the silver compounds mention has repeatedly had to be made
of the complex compounds which are formed by silver. As in the

case of mercury, these are chiefly nitrogen and sulphur compounds.
The halogens, however, have much less tendency to form complex

compounds of silver. For in the case of the latter the signs of the

formation of such complexes are limited to the fact that the sparingly
soluble halogen compounds of silver dissolve in the concentrated

solutions of the corresponding alkali salts more readily than in pure
water, and also that these solutions are not precipitated by caustic

potash. Well-defined compounds are scarcely known in the solid

state.

Of the complex compounds containing nitrogen the cyanogen

compounds have been already treated (p. 713). The ammonia -com-

pounds are still deserving of mention. If ammonia is added to a

silver solution a precipitate of silver oxide is first formed. This,

however, readily dissolves in excess of ammonia, and there is contained

in the solution the complex ion Ag(NH3)2'. The corresponding salts

are obtained in the solid state by evaporating the solution
;

the fine

crystalline nitrate Ag(NH3)2N03 is particularly well known. By
reason of the formation of this complex ion many sparingly soluble

silver salts dissolve in ammonia solution. Since, however, the complex
is partially, although very slightly, dissociated into argention plus

ammonia, the solvent power is not unlimited. The saturated solution

of silver bromide has approximately a concentration corresponding to

the concentration of argention in the solutions of the silver ammonia
salts. Equilibria can therefore be observed when ammonia acts on
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silver bromide, for the solubility is found to be limited, and is greatly
restricted by the presence of the other ion, bromidion. Finally, the

solubility of silver iodide is so much below the concentration of the

argention in the ammoniacal solution that it is scarcely dissolved to an

appreciable extent.

Besides the above complex, others apparently exist in which the

components are in other proportions, but as yet nothing definite is

known of these. In any case the one mentioned is the most stable.

Silver also readily replaces the hydrogen of the imido-group, NH,
with formation of corresponding complexes. These, however, chiefly

belong to organic chemistry, and cannot be discussed here. The

hydrogen of the amido-group, NH2 ,
is also replaced by silver.

The solubility of silver compounds in thiosulphates is also due to the

formation of complexes. These can be regarded as thiosulphates in

which the metal is partially replaced by silver in such a way, however,
that the saline compound which is formed does not dissociate like an

ordinary salt into ions, but remains combined. In this way only one of

the two combining weights of the hydrogen of the thiosulphuric acid

is replaced. Since it is assumed that one of these is present in the

thicsulphuric acid as hydroxyl, the other as sulphhydryl, the further

assumption is probable that the silver replaces the hydrogen of the

sulphhydryl, because its power of combining with sulphur is certainly
more highly developed than its power of combining with oxygen. The

argentithiosulphanion which is here formed would therefore have the

formula, AgS . S03'.

From the solutions obtained by the saturation of sodium thiosul-

phate with silver salts two different salts crystallise out. One of these

is sparingly soluble, and its composition corresponds to the above

formula, the hydrogen being replaced by sodium
;
the other is readily

soluble, contains twice as much sodium, but its nature has not yet
been cleared up. The formulae of these salts are Na(0 . S02 . SAg) and

2Na(0 . S02SAg) + Na2S2 3 .

The complex character of the compounds is proved not only by the

solubility relations, but also by the fact that they both have a remark-

ably sweet taste, due to the ion AgS . S03', whereas otherwise the

silver compounds have an unpleasant, metallic, astringent taste.

The formation of these compounds occurs when sodium thiosulphate
is employed to dissolve sparingly soluble silver salts. This application
is very widely extended in photography. If it is desired to separate
the silver from them, an alkali sulphide, which precipitates silver

sulphide from the solution, is the most suitable for the purpose. The

solubility of silver sulphide is so small that it is practically completely

precipitated even from the complex compound.
Sodium sulphite behaves similarly to sodium thiosulphate. A salt,

Na(S03)Ag, which is sparingly soluble in water, and which can be

regarded as the sodium salt of argentisulphosion, is also known.
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716. Metallurgy of Silver. Most of the silver is obtained

mixed with lead in the preparation of the latter metal from galena

(p. 687). For the purpose of separating the two metals use is made
of the difference in their behaviour to oxygen. The lead containing
silver is fused and exposed to the action of the atmospheric oxygen ;

the lead is thereby oxidised, its oxide flowing off as litharge, and the

silver remains behind. The completion of the separation is recognised

by the disappearance of the coating of lead oxide and the appearance
of the lustrous surface of the silver (the fulguration of silver).

If the argentiferous lead, or work-lead, is very poor in silver, it

is more advantageous to separate it by means of a process of crystallisa-

tion into pure lead and an alloy richer in silver. This is done by
allowing the fused work-lead to cool slowly. Pure lead then crystal-

lises out and a mother liquor, comparatively rich in silver, remains

behind, just as from a salt solution pure water crystallises out as ice

and a mother liquor richer in salt is formed. By continuing this

separation, a condition is finally reached in which silver also begins to

separate out, i.e. in which the solution is saturated in respect of silver.

A further separation of this eutectic mixture in the same way is then

impossible, since the mixture of lead and silver which separates out

has the same composition as the mother liquor.

For the above purpose use is also made of the law of distribution

(p. 258), the work-lead being fused with zinc. In the liquid state

these two metals are almost immiscible
;

the silver is, however, much
more soluble in zinc than in lead. The work-lead, therefore, behaves

towards zinc like an aqueous solution of iodine towards carbon disul-

phide (p. 258), and the silver passes for the most part into the zinc.

The layer of zinc rich in silver is allowed to solidify and is removed from

the desilverised lead. The two metals can be separated by heating in

a current of steam, whereby the zinc is oxidised, or by treating with

dilute acids, whereby it is dissolved.

Besides this method there are also many others. Certain ores of

silver are roasted with addition of common salt
;

the silver thereby

passes into silver chloride, which can be extracted with a concentrated

solution of sodium chloride, ammonia, potassium cyanide, or sodium

thiosulphate. In other cases when silver sulphide is present the latter

can be converted by roasting into silver sulphate, which is extracted

with hot water and converted into silver by means of copper or iron.

Various methods depend on the use of mercury for the reduction and
extraction of the silver

; finally, silver which has in any way been

converted into aqueous solution, can be readily precipitated in the

metallic state by the electric current.

717. Eutectic Mixtures. The phenomenon which has just been

mentioned, that from a liquid mixture, a mixture of solid substances

separates out having the same composition as the solution, is not

limited to the present case, but is of universal occurrence, being met
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a,

with in all cases where two substances A and B can be mixed in the

liquid state in all proportions.
To get a clear idea of this, we represent the composition of the

liquid mixtures along the line AB (Fig. 127) by dividing this in the

ratio of the amounts of substance present in the solution
;
A therefore

represents the pure substance A, B the pure substance B, and every

point lying between these, a mixture of the two. The temperatures
at which the corresponding mixture is in equilibrium with solid sub-

stance are measured perpendicular to AB. The melting point of A
is then represented by a, and that of B by 6.

If a small quantity of B is added to pure A, the melting point of

the latter falls, in accordance with the general rule (p. 183), the depres-
sion being all the greater the larger
the amount of B added. The change
is almost proportional to the amount

added, so that the corresponding

temperatures are represented by an

almost straight line ak.

The same considerations can be

applied to B
;

from the point 6 a a

straight line must also sink towards

the left representing the temperatures
at which the liquid mixture is in

equilibrium with solid B, i.e. the

melting points of B in presence of

the mixed liquid. The two lines will
j.

cut in a point k.

Now, along ak the liquid is in

equilibrium with solid A, along Ik, with solid B. In the point k,

therefore, the liquid is in equilibrium with both solid substances, and

as the two lines cut only in one point, there is only one liquid mixture

which is in equilibrium at one and the same time with the two solid

substances.

This follows also from the phase law. We have two components,
and in the point k four phases are present, viz. the liquid, the two

solid substances, and vapour.
1 There is therefore no degree of freedom

remaining, and all the variables, viz. pressure, temperature, and com-

position, have definite values.

If, therefore, any liquid mixture whatever is cooled, that one of

the two substances will separate out which is in excess with respect of

the composition represented by the point k. This continues with fall

of temperature until the point k is reached. At this point the two

substances separate out at the same time and in such proportions that

the melting point and the composition of the liquid remain unchanged.
1 If the vapour is excluded one degree of freedom is obtained, i. e. the point k alters

(very slightly) with the pressure.

K B

FIG. 127.
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A mixture corresponding to Jc behaves, therefore, like a simple sub-

stance, for it exhibits a constant melting point although it is a mixture.

The relations are very similar to those in the case of acids of constant

boiling point (p. 210).

Such a mixture of constant melting point is called a eutectic mixture,

and the point k the eutectic point. The melting point of a eutectic

mixture is, necessarily, always lower than that of its components, and is

all the more so the nearer the melting points of the two pure substances

are to one another. Fig. 127, in which various possible cases are

represented, allows of these relations being readily seen.



CHAPTER XXXIX

THALLIUM

718. General. Thallium occupies a remarkable intermediate position
between various other elements. By reason of the physical properties
of the free element it is allied to lead, for, like this, it is soft, ductile,

and has a high density. Its hydroxide, which is readily soluble in

water, procures it a position along with the alkali metals, with which
it is isomorphous in various compounds ;

its sparingly soluble halogen

compounds bring it near to silver, copper, and mercury, and in another

series of compounds it exhibits relations to the tervalent elements

aluminium and iron.

Thallium was discovered by means of the spectroscope ;
all its

compounds on being heated in the Bunsen flame, in which they quickly

volatilise, give a green coloration which on being examined with the

spectroscope appears as a single bright green line.

Thallium occurs only in small quantity in nature, but, like all the

elements which can be detected in small amounts, it has been found to

be fairly widely distributed. It is obtained as a by-product from the

flue-dust in sulphuric acid works in which pyrites containing thallium

is employed, and also, in association with zinc, from zinc ores. In the

latter way it could be obtained in fairly large amounts if there were

any demand for it.

As has already been mentioned, metallic thallium is very similar to

lead, but is still softer. Its density is 11-9, its melting point 290.

It makes a grey mark on paper, but this soon disappears owing to

oxidation. Fresh surfaces of the metal, which have an almost silver-

white appearance, quickly tarnish in the air through oxidation. In

the potential series it stands between cadmium and iron, and is there-

fore a metal which readily replaces hydrogen from dilute acids. As a

matter of fact, it dissolves in dilute acids which do not form sparingly
soluble salts, e.g. sulphuric acid and nitric acid, and is precipitated in

the metallic state from its solutions by zinc and cadmium.

Thallium forms two kinds of elementary ions, univalent mono-

thallion, Tl', and tervalent trithallion, Tl'". The former conditions

721 3 A
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the similarity of thallium to the alkali metals, the latter that to

aluminium.

719. Thallous salts are formed with evolution of hydrogen by
dissolving the metal in dilute acids. Solution in nitric acid, which

takes place with reduction of the latter (very dilute acid yields hydrogen),
also leads only to thallous nitrate. By means of free chlorine, however,
thallous compounds can be converted into thallic compounds.

720. Monothallion is colourless
; has, like lead, a poisonous

action
; and can be recognised by the formation of various sparingly

soluble salts, especially the yellow iodide. It is not precipitated by
alkali hydroxides and carbonates, and is thereby distinguished from

the ions of all other heavy metals. Its heat of formation is almost

zero, being only 7 Jcj.

721. Thallous Hydroxide, T10H, is obtained by the decom-

position of thallous sulphate with baryta, as a liquid with a strongly
alkaline reaction which is dissociated into its ions, monothallion and

hydroxidion, quite as extensively as the alkali hydroxides, and exhibits,

therefore, the same basic properties. It turns red litmus paper blue,

renders turmeric brown, and makes the skin of the fingers slippery
when moistened with it. On evaporating the solution, the yellowish-
coloured hydroxide crystallising with 1H

2
is obtained

;
in contrast

with the hydroxides of the alkali metals, this very readily loses the

elements of water and passes into thallous oxide or T120, which is black-

brown in colour. The dehydration takes place even at the temperature
of the boiling water, so that on evaporating a solution of the hydroxide
on the water-bath, black-brown lines are formed at the edges, but

these immediately disappear when the liquid is passed over them.

722. Thallous Sulphate, T1
2S04 , crystallises anhydrous in the

rhombic forms of potassium sulphate, with which it is isomorphous.
It is fairly soluble in water. With the sulphates of the tervalent metals,

also, it forms double salts which crystallise in regular forms, and are

perfectly analogous to the alums of the alkali metals. It can also form

the corresponding monoclinic double salts with the bivalent sulphates
of the vitriol series.

723. Thallous Nitrate, T1N03 ,
also crystallises anhydrous ;

it

is soluble in about ten times its weight of water at room temperature,
and melts at 205. By mixing it with other nitrates, masses can be

obtained which melt at a comparatively low temperature ;
these find

application as heavy liquids (solid thallous nitrate has the density 5-8).

724. Thallium Carbonate, T1
2C03 ,

is an anhydrous salt which

dissolves in twenty times its weight of water, yielding a liquid with

an alkaline reaction. The salt dissolves more readily in water con-

taining excess of carbonic acid, but the acid carbonate is not known
with certainty in the solid state.

The phosphates and borates of monothallion are also soluble in

water, so that in this respect also thallium is allied to the alkali metals.
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725. Thallous Sulphide, T1
2S, is a brown-black precipitate which

is formed by sulphuretted hydrogen in neutral, but not in acid solutions

of thallous salts. The solubility and therefore also the conditions of

precipitation are most nearly akin to those of zinc sulphide, although
thallous sulphide appears to be somewhat more soluble. Accordingly,
the precipitated sulphide redissolves in dilute acids.

726. Thallous Chloride. In its halogen compounds thallium is

most closely allied to silver, for these substances are white or yellow

sparingly soluble powders which are sensitive to light ;
their solubility

also diminishes with increasing combining weight of the halogen.
Thallous chloride, T1C1, is obtained as a white precipitate which

slowly darkens in the light, when the ions of the salt come together
in solution. About three hundred times its weight of water is required
to dissolve it.

It is insoluble in ammonia, but dissolves in sodium thiosulphate
with formation of a complex compound. It exhibits no tendency to

form complex compounds with soluble chlorides ;
the salt is therefore

precipitated from aqueous solutions on the addition of hydrochloric
acid or chlorides, owing to the increase of chloridion. It is converted

into soluble thallic chloride by treatment with chlorine under water.

727. Thallous Bromide is a yellow-white precipitate, the solu-

bility of which is considerably less than that of the chloride, to which,

however, in its other properties, it is similar.

728. Thallous Iodide is deposited as a yellow precipitate even

from very dilute solutions, when its ions come together. It requires

15,000 parts of water for its solution, and, for known reasons, it is

still less soluble in a solution of potassium iodide. This salt is employed
for the detection and separation of thallium. In dilute acids it is not

appreciably more soluble than in pure water, as it is the salt of the

strong hydriodic acid (p. 262).

729. Thallous Fluoride is, in contrast with the other halogen

compounds, a readily soluble salt.

The tervalent trithallion is of a somewhat yellowish colour, and is

formed from monothallion only by fairly strong oxidising agents, such

as chlorine or permanganate. Conversely, it very readily passes again
into monothallion.

730. Thallic Hydroxide is obtained as a brown precipitate similar

in appearance to ferric oxide on adding soluble bases to a thallic salt.

On being dried it assumes the composition TIO(OH) ;
the freshly

precipitated substance is probably T1(OH)3 . On being heated, the

hydroxide loses water and readily also oxygen, so that it passes into

thallous oxide. Thallic oxide, T1
2 3 ,

is also obtained when solutions

of thallous salts are subjected to electrolysis ;
it separates out at the

anode as a black coating, but it is difficult to obtain it of a definite

composition.
Thallic hydroxide is a very weak base ;

its salts are greatly



724 PEINCIPLES OF INOKGANIC CHEMISTEY OH. xxxix

hydrolysed in aqueous solutions, and when the dilution is fairly great
almost all the hydroxide is precipitated from it, the acid remaining
in solution. The most stable is the chloride, which can be obtained

from the sub-chloride by means of chlorine. The bromide is less

stable, and on attempting to prepare the iodide a mixture of thallous

iodide and free iodine is obtained.

731. Thallic Sulphate, T12(S04)3 ,
can form alums with the alkali

sulphates. The double salt from thallous sulphate and thallic sul-

phate, which, should also yield an alum, has, however, another form

and a different amount of water of crystallisation ;
its composition is

Tl . T1(S04)2 . 6H20, in which the one Tl is univalent and the other

tervalent.

The combining weight of thallium is Tl = 204-0.



CHAPTER XL

BISMUTH

732. General. For the purposes of analysis, bismuth is classed along
with the metals of the copper group, because it forms a sulphide which
is insoluble in dilute acids as well as in alkali sulphides. According to

its chemical affinity, however, it is so closely connected with antimony
and arsenic, which belong to the last group, that it must be treated

along with these, and is therefore suitably placed at the point of transi-

tion from the one group to the other. Of these elements it has the

highest combining weight ;
for this reason, in accordance with the

general rule, the basic properties are more strongly marked in it than

in the case of its congeners. As the combining weight decreases, the

latter rapidly lose their metallic character and the power of forming
basic oxides, and finally lead to the non-metallic elements phosphorus
and nitrogen, in which the acid-forming properties are completely

developed.
Metallic bismuth is a white, somewhat reddish metal of a well-

marked crystalline character
;

it is brittle, is not ductile, and falls

to a powder when struck with a hammer. It melts as low as 270,
and at a bright white heat passes into a vapour, the density of which

leads to the molar weight 208, which coincides with the combining

weight. It remains unchanged in the air, and is also very resistant

to water. It is not attacked by dilute acids
;
its position in the potential

series is between copper and silver, and it therefore inclines towards

the noble metals. It therefore occurs in nature in many cases even

in the uncombined state
;

it also occurs combined with sulphur as

bismuth glance. Bismuth is readily dissolved by nitric acid with

formation of bismuth nitrate and nitrous oxide.

Bismuth readily forms alloys with other metals whereby, in

accordance with the general law, the melting point sinks. By
the addition of lead, tin, andl cadmium, alloys are obtained

which liquefy even under 100
; Lthey fuse therefore in boiling

water.

The combining weight of bismuth has been determined by weighing

725
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the metal and the oxide obtained from it. It is not known with perfect

certainty, and we shall take it as Bi = 208-0.

733. Bismuthion. Bismuth forms one kind of elementary ion,

viz. the tervalent bismuthion, Bi*". This is almost the only ion derived

from bismuth, for the tendency of this metal to form complexes is

extremely slight, and with the exception of some organic ions con-

taining bismuth, others are scarcely known.

Bismuthion is colourless and forms an extremely weak base with

hydroxyl. As a consequence, the phenomenon of hydrolysis is so

marked in the case of the bismuth salts that it can be regarded as

a characteristic in analysis. Since the basic compounds which are

hereby formed are sparingly soluble in water, the bismuth salts are

precipitated by mere dilution with water ;
the precipitate is again

dissolved on the addition of acids.

The best-known bismuth salt is the nitrate, which is obtained in

hydrated crystals, Bi(N03)3 . 5H20, by crystallisation from the solution

of bismuth in nitric acid. On pouring water over these crystals, a

snow-white, crystalline powder of a basic nitrate, Bi(OH)2N03 ,
is

deposited, which is applied in medicine under the name of bismuth

subnitrate. The nitric acid which is split off passes into the solution

and enables another portion of the bismuth salt to remain dissolved.

There exists, therefore, in the solution in respect of the precipitate of the

basic salt, an equilibrium which is characterised by the fact that the

concentration of the hydroxyl from the water is rendered sufficiently

small by means of the hydrion of the free acid to allow the solubility

product of the basic salt to be reached.

From solutions, bismuth hydroxide, Bi(OH)3 ,
is precipitated by

excess of soluble bases. It is a white precipitate which is soluble

neither in ammonia nor in caustic potash. The former behaviour is

due to the extremely slight development of its basic properties ;
the

latter shows that it cannot, as many other weak bases do, split off

hydrion and yield an anion containing oxygen.
On being heated, the hydroxide loses water and is converted into

bismuth oxide, Bi
2 3 ,

a yellow powder which, at a higher temperature,
becomes reddish-brown, melts, and becomes crystalline on cooling.

Bismuth sulphate, Bij[S04)3 ,
is obtained in the impure state by

heating bismuth with concentrated sulphuric acid ;
treatment with water

converts it into the sparingly soluble basic sulphate Bi2(OH)4(S04).
With potassium sulphate it forms a well-characterised double salt,

KBi(S04)2 .

When sodium thiosulphate is added to bismuth salts, a clear liquid
is formed from which, owing to decomposition, bismuth sulphide is

slowly deposited. The solution probably contains the sodium salt of

a bismuth thiosulphanion, for on the addition of potassium salts and
alcohol a sparingly soluble precipitate of K3Bi(S2 3)3 +H2 is deposited,
which is the potassium salt of the above ion. It has been proposed
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to employ the precipitate, which is of a yellow colour, for the detection

and separation of potassium.
734. Bismuth Chloride, BiClg, is very readily formed from bismuth

and free chlorine, the combination taking place with considerable

evolution of heat. It is a white, soft, but crystalline substance which
becomes very dark in colour through excess of bismuth

;
this points

to the formation of a lower chlorine compound, perhaps BiCl, although
no such substance has been prepared in the pure state. With water,
the chloride at once deposits a snow-white precipitate of basic chloride,

or rather, the anhydride of this, bismuth oxychloride, BiOCl. This

substance has a certain similarity to the univalent chlorides of

silver and mercury, not only as regards its external appearance and
its slight solubility, but also in its property of becoming grey in light.

Prominence can be given graphically to this similarity by assuming in

this and in the similar compounds of bismuth, the univalent ion

BiO', which has been called bismuthyl. This is, however, so far, only
a formal assumption, since there is as yet no proof of the existence of

such an ion in the solution.

Bismuth oxychloride, BiOCl, is so sparingly soluble in water that it

can be employed for the precipitation of bismuth. For that purpose
it is only necessary to introduce chloridion in some form into the

solution and then to dilute this. The dilution must be so much the

greater the more highly acid the liquid was at the commencement
;

it

is advisable, therefore, when employing this method, to remove the

excess of acid by means of a base.

The bromide of bismuth is very similar to the chloride, and forms

also a very sparingly soluble oxybromide of a white colour.

Bismuth iodide is obtained from the elements or by the precipita-
tion of bismuth salts with a large excess of potassium iodide, and is a

black-red crystalline substance which is decomposed by water much
more slowly than the other halogen compounds. With much water

bismuth oxyiodide is formed as a fine red powder.
Bismuth iodide dissolves in hydriodic acid and forms hydro-

bismuthiodic acid, HBiI4 . 4H20. With the iodides of the alkali metals

the salts of this acid are obtained ;
of these the potassium salt, KBiI4 ,

is known in the form of ruby-red laminae. The complex hydro-

bismuthiodidion, BiI4', is, however, only slightly stable, and with much
water decomposes into bismuth oxyiodide and free hydriodic acid.

735. Bismuth Sulphide, Bi2S3 ,
is obtained as a black-brown

precipitate on passing sulphuretted hydrogen into bismuth solutions.

It is obtained crystalline by fusing metallic bismuth with sulphur ;

the bismuth sulphide which is formed dissolves in the metal and,' on

cooling, separates out in clusters. It occurs in nature as bismuth glance,

and is used for the preparation of bismuth, which is obtained from the

glance by roasting and reduction of the oxide formed with charcoal.

Bismuth sulphide is insoluble in dilute acids, but dissolves with
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evolution of sulphuretted hydrogen on being heated with concentrated

hydrochloric acid. It is not appreciably soluble in alkali sulphides, a

behaviour which is opposed to that of the sulphur compounds of its

nearest congeners, antimony and arsenic. By fusing together bismuth

sulphide and alkali sulphides, however, fine crystalline compounds,
KBiS2 and NaBiS2 , having a metallic lustre, can be obtained

; these,

however, rapidly oxidise in the air.

736. Other Compounds. It was mentioned above that a lower

chloride of bismuth probably exists, although it is not known as a pure
substance. The existence of a corresponding oxygen compound, BiO,
has also been asserted. It is obtained as a dark-brown powder by the

careful treatment of bismuth hydroxide with reducing substances or

by heating basic bismuth oxalate.

A higher oxide of bismuth, bismuth pentoxide, Bi
2 5 ,

is obtained

by heating the hydroxide with strong oxidising agents. Further, a

mixture of bismuth oxide and caustic potash or soda when fused in

the air is oxidised to a brown mass which, on being treated with water,

deposits bismuth pentoxide contaminated with alkali. In the brown
melt there possibly exists the alkali salt of a bismuthic acid ;

in aqueous
solution, however, such salts cannot be obtained, as they are immediately
hydrolysed. Bismuth pentoxide is obtained as a heavy brown powder
or as a hydrate of a red colour

;
it is insoluble in acids and bases, and

is converted by hydrochloric acid into the trichloride, with evolution

of chlorine.

Jt
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ANTIMONY

737. General. With antimony we commence the consideration of

the metals of the tin group, in which a number of elements are classed

together belonging to different natural families and forming corre-

sponding sub-groups. Their common characteristic is the predominat-

ing tendency to form acid compounds in place of the basic ones yielded

by the other metals. Their oxides, especially those comparatively
rich in oxygen, behave as the anhydrides of acids, and their sulphur

compounds dissolve in the solutions of the alkali sulphides with forma-

tion of thio-salts (vide infra). The last characteristic, which is of import-
ance in analytical chemistry, has given rise to the formation of the

whole group, and the relations which are met with here will be presently
discussed in greater detail.

On account of the manifold and widely extending affinity relations

existing between the elements, we shall repeatedly find resemblances

to other groups, and it would be possible to class several of the elements

considered here along with others previously discussed. By reason,

however, of the variety of the relationships, a system of the elements,

sufficient in all respects, cannot be framed, and the arrangement which

has here been retained has therefore been determined chiefly by didactic

considerations.

738. Antimony. Antimony is allied on the one hand to bismuth,

and on the other, to arsenic and phosphorus. It therefore forms a

transition element between the metals and the non-metals, but is still

essentially on the side of the metals. Its combining weight is

Sb = 120-2.

Antimony is a grey-white, lustrous metal, having the density 6-7 ;

from the fused mass it solidifies in a distinctly crystalline form, and is

at all temperatures so brittle that it can be easily ground or pounded
to a powder. It melts at a red-heat, and volatilises at a high tempera-
ture. The vapour exhibits a variable molar weight in the neighbour-
hood of 290. This number corresponds to no simple formula, but lies

between Sb2 and Sb3 ; probably, therefore, we are dealing with a

mixture of different kinds of vapour, perhaps Sb4 and Sb.

729
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In the potential series antimony stands beside bismuth
;

it does

not, therefore, decompose dilute acids, and it also remains unchanged
in the air. On being heated it readily oxidises ;

a piece of antimony
fused on charcoal before the blowpipe, continues to glow even after

the flame has been removed, the antimony burning to antimony oxide.

If a small globule of strongly heated antimony is thrown on a piece
of paper with upturned edges, it skips about on this, burning
all the while, and leaves very regularly marked, hyperbolic trails

(Fig. 128).

Besides the ordinary antimony, an attotropic form of less stability is

FIG. 128.

known, which is obtained as a silver-white metal, of density 5-78, by

slowly decomposing a concentrated solution of antimony chloride in

hydrochloric acid with the electric current. The metal which is

deposited falls to a powder with slight explosion on being scratched

by a sharp body, ordinary grey antimony being formed .with con-

siderable evolution of heat. This allotropic metal is not pure, but

contains antimony chloride, the amount of which varies with the

conditions of the experiment.
739. Ions of Antimony. Antimony can form compounds of the

tervalent and of the quinquevalent type ; only the former of these,

however, yields a basic hydroxide, while the hydroxide of the latter

type is an oxyacid. They each show the basic and acid character
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respectively only in a slight degree, and the number of well-characterised

salts of antimony is therefore not large.
The compounds of the tervalent type are the better known and the

more stable
; they are the only ones occurring in nature. The com-

pounds of the quinquevalent type are produced from the former by
the action of strong oxidising agents, and can be readily reduced

again.
The existence of a tervalent antimonion is probable, since there are

solutions of antimony salts which behave in general like salts. These

salts, derived from the base antimony hydroxide, Sb(OH)3 , are, how-

ever, greatly hydrolysed in water, and clear solutions can be obtained

only with a large excess of acid. Consequently, the properties of the

tervalent antimonion are not known with great exactness, and it can

only be said with regard to it, that it is colourless and has a very

poisonous action on the organism of the higher animals. In small

quantities it acts as an emetic.

740. Antimony Hydroxide, Sb(OH)3 ,
is obtained as a white

precipitate by the hydrolysis of the salts of antimony ;
it readily loses

water and is converted into the anhydride, antimony oxide, Sb2 3 . It

can be converted into salts by treatment with concentrated acids
;

these again undergo decomposition on dilution with water. It dissolves

in caustic alkalis
; it has therefore the power of splitting off hydrion

and of acting as an acid in a similar manner to alumina. The corre-

sponding salts are reducing agents, and, for example, precipitate silver

in the metallic state from its salts.

Antimony oxide, Sb2 3 , crystallises readily and proves to be

dimorphous, crystallising either in regular or in rhombic form. The
first form has the density 5-3, the second, 5-6. It has not yet been

established which of the two forms is the more stable
;

it appears,

however, to be the rhombic, since this occurs much more abundantly in

nature. They are both, at all events, more stable than the hydroxide,
since the latter, even under water, passes into the crystalline oxide.

741. Antimonious Chloride, or antimony trichloride, SbCl3 ,
is

obtained from metallic antimony and chlorine by using excess of the

former
; powdered antimony takes fire spontaneously on being allowed

to fall into chlorine. It is obtained more cheaply by heating antimony

sulphide with concentrated hydrochloric acid, whereby sulphuretted

hydrogen escapes. The aqueous solution is evaporated and distilled,

whereupon anhydrous antimony trichloride passes over. The remark-

able fact that the chloride does not hereby decompose into hydrochloric

acid and antimony oxide, as e.g. aluminium chloride does, although
alumina is a stronger base, is probably due to the fact that in concen-

trated solution antimony trichloride is very slightly dissociated into

its ions, and therefore undergoes hydrolysis in a correspondingly slight

degree.

Antimony trichloride is obtained as a white, crystalline, semi-solid
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mass (butter of antimony], which melts readily and boils at 220. It is

decomposed by water, sparingly soluble oxychlorides being deposited ;

the composition of these depends on the amount of water, the amount
of chlorine which they contain being all the less the larger the quantity
of water.

Of these, the compound Sb4 5Cl2 , being a crystalline substance, is

best characterised, but even it decomposes into antimony oxide and

hydrochloric acid on being treated with more water.

Antimony trichloride combines with hydrochloric acid to form a

complex hydroantimonichloric acid, the salts of which are obtained by
allowing soluble chlorides and antimony trichloride to crystallise to-

gether. The composition of these salts corresponds to various types,
and it has not yet been established whether we are dealing with various

complex acids or, partly, with double salts. The most frequent type
is M3SbCl6 , containing probably the tervalent anion SbCl6'".

742. Antimony Tribromide, SbBr3 ,
is formed with great rise

of temperature on bringing the elements together. In its properties
it is very similar to the trichloride and, like it, decomposes with water

into basic bromide and free hydrobromic acid. The boiling point is

270, the melting point 95.
743. Antimony Tri-iodide, SbI3 ,

is obtained from the elements

by warming, and crystallises in three different forms whose relative

degrees of stability have not yet been determined. According to the

form, the colour of the crystals is dark red or green-yellow ;
the melting

point of the form, stable at higher temperatures, is 167, the boiling

point, 400
;

the vapour of the tri-iodide is of a fine scarlet colour.

With water it decomposes in the same manner as the other halogen

compounds ;
the solution containing antimony, which is thereby

produced, is coloured yellow, from which the presence of undissociated

iodide an the aqueous solution can be concluded. The precipitate of

oxyiodide is red to yellow in colour, and the colour is so much the

brighter the smaller the amount of iodine.

Antimony tri-iodide unites with the soluble iodides to form

complex salts, which belong chiefly to the type MSbI4 ,
with the anion

SbI4'.

744. Antimony Trifluoride, SbF3 ,
is a white mass similar to

the trichloride, which can be dissolved in water without the separation
of precipitates. This is probably due to very slight electrolytic dis-

sociation of the fluoride. Complex salts are known with the alkali

fluorides.

745. Antimony Trisulphide. The compound Sb2S3 occurs in

nature as the most widespread ore of antimony, and is called antimony
glance (or stibnite). It is a grey substance crystallising in long needles

with a metallic lustre
;

it readily melts, and on being heated in the

air, passes into antimony oxide, the sulphur being burned.

From solutions of tervalent antimony, the trisulphide is precipitated
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by sulphuretted hydrogen as a yellow-red, non-crystalline substance

which, on being gently heated, passes into grey, crystalline antimony

sulphide. Conversely, when fused stibnite is quickly cooled, an amor-

phous mass is obtained which is translucent, and of a dark-red colour,

and becomes yellow-red on being powdered. The relation which exists

here is therefore similar to that between amorphous and crystalline

sulphur, the amorphous form being the less stable : the velocity of

transformation, however, at the ordinary temperature is so small that

it cannot be observed.

Antimony sulphide is not appreciably soluble in dilute acids ;

'

it

dissolves in strong hydrochloric acid with evolution of sulphuretted

hydrogen. For this reason antimony is precipitated by sulphuretted

hydrogen from acid solution, provided that the solution is dilute with

respect to the acid. When antimony sulphide has been brought into

solution with concentrated hydrochloric acid, and if the liquid which

contains sulphuretted hydrogen is diluted, a precipitate of yellow-red

antimony sulphide is obtained. The remarkable phenomenon that a

precipitate (not due to hydrolysis) is produced by dilution with water,

is explained by the fact that the antimony trichloride present in con-

centrated solution contains the antimony almost entirely in the form

of an undissociated compound (p. 731) ;
the antimonion necessary

for the reaction with the sulphuretted hydrogen is formed only on

dilution.

Antimony sulphide readily dissolves in the alkali sulphides, especially

the polysulphides. A compound of the quinquevalent series is thereby

formed, when excess of sulphur is present; this reaction will be discussed

later in greater detail.

Antimony sulphide also dissolves in concentrated and hot solutions

of the alkali hydroxides and carbonates ;
on cooling and diluting, it is

again precipitated as a brown powder. This precipitate was formerly

applied in medicine under the name kermes ; since, however, it is a

variable mixture of amorphous antimony sulphide and antimony

oxide, its medicinal action varies according to the method of its pre-

paration. The reaction which occurs here has not yet been sufficiently

explained ;
we are dealing essentially with the formation of the alkali

salts of antimony oxide (p. 731), and of the corresponding compounds
of antimony sulphide, which are stable in hot, concentrated solution,"

whereas on cooling and on dilution, the equilibrium is again shifted in

the opposite sense, i.e. antimony sulphide is again formed.

Use is made of the precipitation of the antimony compounds by

sulphuretted hydrogen for the detection and estimation of antimony.
Since the amorphous precipitate, even after being dried at 100, still

contains appreciable quantities of water, it is, in quantitative estima-

tions, converted by careful heating in an atmosphere free from oxygen

(in a current of carbon dioxide), into the grey, crystalline form which is

of constant composition.



734 PEINCIPLES OF INORaANIC_CHEMISTRY CHAP.

The naturally occurring antimony glance is employed for the pre-

paration of metallic antimony. The red amorphous form is used as a

dye under the name antimony vermilion
; red, vulcanised indiarubber

is coloured with antimony sulphide.
746. Complex Antimony Compounds. Tervalent antimony has,

in a very marked degree, the property, already mentioned in the case

of other hydroxides, of forming complex compounds with organic sub-

stances containing several hydroxyl groups. The most important of

these is the compound with tartaric acid, which yields an antimonyl
tartaric acid

;
in contrast with the ordinary antimony compounds this

compound is not dissociated hydrolytically by water, so that it can be

dissolved, and the solution diluted without the separation of basic

substance. The exact discussion of these compounds must be reserved

for organic chemistry ; they have been mentioned here because tartaric

acid is employed in analytical chemistry for the purpose of preparing
clear, dilute solutions of antimony salts. For this purpose the addition

of a solution of tartaric acid to the liquid is sufficient. The formation

of the complex compound takes place so quickly that the desired result

is attained in a few moments. From such solutions antimony sulphide
is precipitated by sulphuretted hydrogen, showing that the complex
yields sufficient antimonion for the solubility product of antimony
trisulphide to be exceeded.

747. Antimony Pentachloride. By means of oxidising agents
it is possible to pass from compounds of tervalent to those of quinque-
valent antimony. If chlorine is passed over antimony trichloride,

a heavy liquid which fumes in the air is produced ;
this is also obtained

from antimony and chlorine by using excess of the latter. At 140
it commences to boil, and the determination of the vapour density
shows that it exists in the vaporous condition for the greater part

undecomposed. Chlorine is, however, very readily split off, and even
when the boiling is continued, so much of it escapes that there remains
a considerable residue of trichloride. On the whole, therefore, the

compound behaves similarly to phosphorus pentachloride (p. 394),
but is somewhat more stable.

Antimony pentachloride unites with water and forms various

hydrates which, however, are formed only when a small quantity of

water is used, clear solutions being then produced ;
when dissolved in

much water, it undergoes complete hydrolysis, and sparingly soluble

antimonic acid is deposited. It combines with hydrochloric acid to

form a fairly stable, crystalline substance, which dissolves without

decomposition in a small quantity of water, and has the composition
H

5SbCl10 . 10H
20.

An antimony pentabromide is not known
;
the existence of the

pentaiodide is also doubtful.

748. Antimonic Acid. Antimonic acid, Sb(OH)5 ,
or its anhy-

drides, is obtained by the decomposition of antimony pentachloride
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with much water. On account of the relation of antimony to phos-

phorus, one would expect the existence of an orthoantimonic acid,

H2Sb04,
a pyroantimonic acid, H4Sb2 7 , and a metantimonic acid,

HSb03 ;
in the present case, however, the differences are not nearly so

clear and definite as in the case of the phosphoric acids.

The precipitate obtained from antimony pentachloride has, after

being dried in the air, approximately the composition of ortho-antimonic

acid, and is a white powder which is very slightly soluble in water, but

readily dissolves in caustic potash ;
it yields with caustic soda an almost

insoluble salt, which is formed on treating the acid with a solution of

caustic soda. The composition of this salt, which is also fairly quickly
formed from the other forms of antimonic acid,

1
is Na2

H2Sb2 7 ;
it is

therefore an acid salt of pyroantimonic acid. On account of its slight

solubility it can be employed as a reagent for the detection of sodium

compounds.
The reagent used for this purpose is obtained from the potassium

salt of metantimonic acid, KSb03 ,
which is formed by heating antimony

with saltpetre ;
the oxygen of the saltpetre serves to convert the

antimony into antimonic acid. On being treated with a small quantity
of water, this salt is converted into the acid pyroantimonate, which

serves as the reagent 2KSb03 +H2
-K2H2Sb2 7

.

The various antimonic acids lose water even on very gentle warming,
and are converted into antimony pentoxide, Sb2 5 ,

a yellow powder
which becomes darker on being heated. On being more strongly
heated it loses oxygen, and a compound of the composition Sb02 or

Sb2 4 remains. The same substance is obtained by the oxidation of

antimony with nitric acid, and forms a white residue insoluble in the

acid. It was formerly called antimonious acid, but it is rather to be

regarded as antimonyl antimonate, if it can be regarded as a definite

compound at all
;

its composition varies somewhat with the

temperature.
749. Antimony Pentasulphide and the Thioantimonates.

As was mentioned on p. 733, antimony sulphide readily dissolves in

the soluble polysulphides of the alkalis and of ammonia, and from the

solutions well-crystallised salts can be obtained in which a compound
of antimony and sulphur forms the anion. The best known of these

salts is the sodium compound Na3SbS4 ,
which is obtained in the form

of pale-yellow tetrahedra with 9H2 . of crystallisation, by boiling

together sodium sulphide (or caustic soda), sulphur, and antimony

sulphide, and allowing the filtered solution to cool. It is called Schlippe's

salt, after its discoverer.

As is shown by the formula, it is the sodium salt of the thio-

antimonanion SbS4'", which corresponds to the ion of orthoantimonic

1
Owing to an unfortunate, older nomenclature, the characteristic sodium salt had

been formerly called sodium metantimonate, and this name is sometimes found even in

the present-day literature. Its use ought to be discontinued as soon as possible.
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acid, but contains sulphur in place of oxygen. We have already

(p. 441) met with such a compound in the case of thiocarbonic acid,

and the relationships which are found were explained there.

In the case of the metals grouped together in the present class,

the formation of such thio-ions is a general phenomenon, and the

solubility of their sulphides in alkali sulphides is due to the formation

of soluble alkali salts of such thio-ions.

As in the case of the oxyacids, the higher compounds, i.e. those

richer in sulphur, have the more strongly acid character. For this

reason, antimony trisulphide is only very slightly soluble in the dilute

solutions of the alkali mcwosulphides, but is readily soluble in the

yellow solutions which contain j30fo/sulphides. In the former case a

salt of thioantimonosion, SbS3'", would be formed
;
such an ion, how-

ever, does not exist, and the saline compounds corresponding to it,

which are formed to a certain extent in concentrated solutions, are

decomposed by water. The salts of thioantimonic acid, however, are

very stable, and these are immediately formed when the necessary

sulphur can be obtained from the polysulphide present.
Free thioantimonic acid, H3SbS4 ,

is not known. If hydrion is

introduced into the solution of one of its salts, sulphuretted hydrogen
and antimony pentasulphide are formed: 2H3SbS4 = Sb2S5 + 3H2S.

The process corresponds exactly to the formation of an anhydride with

separation of water, the place of water being taken by sulphuretted

hydrogen in the case of the thio-acid.

The antimony pentasulphide which can be obtained in this way is

very similar to the amorphous trisulphide as far as external appearance
is concerned. It readily decomposes into trisulphide and sulphur, so

that amounts of sulphur varying with the previous treatment can be

extracted from the product with carbon disulphide. It is soluble not

only in the monosulphides of the alkali metals, but also in the hy-
droxides

;
in the latter case, antimonate is formed in the solution

along with thioantimonate, or, the salts of an antimonic acid in

which only a part of the oxygen is replaced by sulphur are formed.

It dissolves even in the alkali carbonates, although with somewhat

greater difficulty. The pentasulphide obtained by precipitation from

Schlippe's salt is employed in medicine under the name "
golden

sulphur of antimony."
The solutions of the thioantimonates mostly give precipitates with

the salts of the heavy metals which are practically insoluble in water

and are coloured yellow, red, or black. These compounds are like

Schlippe's salt salt-like compounds of tervalent thioantimonanion.

750. Antimony Hydride. The relationship of antimony to

nitrogen and phosphorus is seen with especial clearness in its power
of forming a gaseous compound with hydrogen, SbH3 , which, as regards
its composition, belongs to the same type as ammonia and phosphoretted
hydrogen. This compound, certainly, has no basic properties, but
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this constitutes no essential difference, since these are practically

wanting even in the case of phosphoretted hydrogen.
Antimony hydride, SbH3 ,

is obtained by the action of acids on

alloys of antimony with other metals which decompose acids, especially
zinc. In this way the antimony hydride is always obtained mixed
with much hydrogen. It can be separated from the mixture by strongly

cooling, but on volatilising the separated mass, it very readily decom-

poses and can be preserved for some hours only by employing special

precautions. Its smell recalls that of hydrogen sulphide.
If the mixture is passed through a glass tube heated at one part,

the antimony hydride decomposes at that spot, and metallic antimony
is deposited as a grey-black coating, which, on being heated, runs

together into drops, but cannot be readily volatilised. It differs in

this respect from the
"
arsenic mirror," which is formed under similar

conditions, and with which it could be confused. Further differences

will be given under arsenic.

Antimony hydride burns with a white flame
;

if a piece of porcelain
is held in this, unburnt antimony is deposited on it as a black soot,

which is converted at the edges into white, floury-looking antimony
oxide. The antimony stains can be readily distinguished from the

arsenic stains formed under similar conditions, by their grey (not

brown) colour.

In a solution of silver nitrate antimony hydride produces a black

precipitate which contains silver and all the antimony, so that the

solution contains only nitric acid and undecomposed silver nitrate.

751. Alloys of Antimony. Of the various metallic mixtures

for which antimony is employed, the most important is that with lead.

Even fairly small quantities of antimony considerably increase the

hardness of lead, and in chemical manufactures, where the chemical

resistibility of lead is required along with moderately great mechanical

resistibility, such alloys, called hard lead, are employed. Type-metal,

also, which, along with a comparatively easy fusibility, must possess a

sufficient hardness and the power of exactly filling out the mould, con-

sists essentially of lead and antimony. Alloyed with tin, antimony

yields Britannia metal, which is used for domestic utensils.

3B



CHAPTER XLII

ARSENIC

752. General. In accordance with its smaller combining weight,
arsenic deviates still more than antimony from the type of the metals,

and exhibits great similarity to the non-metal phosphorus ;
at the

same time the tendency to form acid compounds increases. In

fact, the resemblance of arsenic to phosphorus is so great that it

might also have been treated along with that element among the

non-metals.

Elementary arsenic occurs in various forms, which partly recall

those of phosphorus. The most stable form is a grey, crystalline

mass with a metallic lustre. On being heated arsenic does not fuse,

but passes, before reaching its melting point, into a brown-yellow

vapour. It can be fused by heating under pressure ;
it then solidifies

to a steel-grey, lustrous mass with a crystalline fracture.

From the vapour density of arsenic the molar weight is found to

be 300
;
since the combining weight may be taken as 75, arsenic vapour

has the formula As4 . In this respect, also, there is a similarity to

phosphorus (p. 382) and a dissimilarity to the metals, in the case of

which the molar weight coincides with the combining weight.
If the vapour of arsenic is quickly cooled amorphous arsenic is

produced, various kinds of which are known. The most interesting

of these is obtained by very rapid and powerful cooling ;
it is yellow,

non-metallic, and is soluble in carbon disulphide ;
it rapidly undergoes

oxidation in the air with faint luminescence, and emits a smell of

garlic ;
in short, it is very similar to white phosphorus. To a certain

extent it differs from it in the great velocity of its spontaneous trans-

formation into the more stable form, which is greatly accelerated by

light.

At the same time, other kinds of amorphous arsenic are formed,
more especially a velvet-black and a grey variety. All these forms

are unstable, and are rapidly converted, especially when warmed, into

stable, crystalline arsenic. Their formation affords fresh examples of

the principle that the unstable forms are produced before the stable.

738
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That, as a rule, only the crystalline form appears to be formed
from the vapour, is due to the fact that the phosphorus-like arsenic

first produced changes almost instantaneously into the more stable

form. Only when the velocity of this change is diminished to a small

value by rapid cooling to a low temperature can the unstable form
first produced be observed.

753. Arsenic Trioxide. When arsenic is heated with access of

oxygen it burns with a brilliant white flame, forming an oxygen com-

pound to which, in accordance with its composition and vapour density,
the formula As4 6 must be assigned. For it contains 24 parts of

oxygen to 75 parts of arsenic, and its vapour density yields the molar

weight 396. Strictly speaking, therefore, this compound would have
to be called arsenic hexoxide, but one has become accustomed to write

the formula As
2 3 ,

and to call the substance arsenic trioxide. In

ordinary life, in which this compound plays a certain role, it is called

white arsenic or simply arsenic.

Arsenic trioxide occurs in various forms. When manufactured on

the large scale it appears in the first instance as a transparent glass,

which is generally coloured slightly yellow by traces of impurities.
This glass is amorphous arsenic trioxide. On being kept some time

the glass becomes milk-white and looks like porcelain ;
since this

change is accelerated by the moisture in the air, it proceeds from the

outside towards the interior. On breaking a moderately large piece,

therefore, which has on all sides assumed a porcelain-like appearance,
a kernel of unchanged glassy substance is frequently found in the

interior. The porcelain-like mass is crystalline arsenic trioxide. Since

this is produced spontaneously from the amorphous form, it is the

more stable of the two, and in accordance with a general law (p. 287)
it is in all solvents less soluble than the amorphous form. When,
therefore, water is in contact with the two forms the solution which

is saturated in respect of the amorphous form will be supersaturated
in respect of the crystalline form. The amount of the latter will

therefore increase from the solution ;
this becomes unsaturated in

respect of the amorphous form, dissolves fresh quantities of it, and

deposits it as crystals. This process is continued until all the amorphous
substance is converted into crystalline. This furnishes the explanation
of the accelerating influence of moisture on the transformation (cf.

p. 698).

Larger crystals of arsenic trioxide are obtained by dissolving

the substance in warm hydrochloric acid. On cooling, it separates

out very slowly and forms regular octahedra with a diamond-like

lustre. Well-formed crystals can also be obtained by sublimation.

Arsenic trioxide, like metallic arsenic, also passes without fusion into

vapour.
Besides the regular form of arsenic trioxide, a monoclinic, pseudo-

rhombic form also exists. It occurs (rarely) in nature, and as a mineral
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it is called claudetite. The stability relations of the two crystalline

forms have not yet been determined.

In the manufactures, arsenic trioxide is obtained by roasting
arsenical ores. The trioxide is collected by leading the vapours pro-
duced through chambers and passages of masonry, in which the trioxide

is deposited as a powder known as
"
poison-flour" This is purified

by resublimation from iron pots having cylinders placed over them,
and is thereby obtained in the glassy form.

Arsenic trioxide is only sparingly soluble in water. On placing
the powder in water it is not wetted, and owing to the surface tension,

it remains floating on the water although its density is 3-7. The heat

of formation of the trioxide As
2 3 is 647 kj.

Arsenic trioxide readily loses oxygen. In order to show this, a

small glass tube is drawn out to a point, and fused off
;
a particle of

arsenic trioxide is then placed in the point, and above it a small piece
of freshly ignited wood-charcoal. If the tube is so heated that the

charcoal is first caused to glow and then the arsenic trioxide volatilised,

the latter loses its oxygen in contact with the charcoal, and the liberated

arsenic is deposited as a black coating on the colder portions of the

tube. This
"
arsenic mirror

"
can be easily recognised by its feebly

metallic lustre and the brown colour which it shows in thin layers by
transmitted light. By means of this experiment very small quantities
of the trioxide can be detected with certainty.

When greatly diluted, arsenic trioxide is used as a medicament.

It is remarkable, also, that the organism of man and the animals can

gradually become accustomed to large quantities of arsenic. By means
of it horses acquire a healthy and spirited appearance, and arsenic

eaters also assert that they can undergo much more bodily exertion

under the influence of this substance. The organism accustomed to

arsenic, however, rapidly decays when the use of this substance is

interrupted, and it can be kept in an active condition only by regular
or increased doses of the poison.

754. Arsenious Acid. The aqueous solution of arsenic trioxide

has a feebly acid reaction, and contains an acid which is formed from
the trioxide by the addition of the elements of water. A decomposition
takes place in the process, so that the acid contains only one com-

bining weight of arsenic. Which of the two hydrates H3As03 and
HAs02 predominates in the solution (for we must assume that both are

present, although in very varying amount) is unknown ; at all events,
the acid present in the solution behaves as a feeble monobasic acid,

and the formula HAs02 ,
with the ions H' and As02 ', will therefore be

the most appropriate representation of the facts.

The electrolytic dissociation of arsenious acid is extremely small
;

its soluble salts are therefore dissociated hydrolytically to an appreci-
able extent, and the alkali salts, more especially, have an alkaline

reaction. The salts of the other metals correspond to the orthoacid
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H
6
As2 6 ,

and are mostly very slightly soluble in water. This is true
more especially for the ferric salt, so that freshly precipitated ferric

hydroxide by combining with the arsenious acid can be used as an
effective antidote in cases of poisoning with this substance. The

copper salt is green, and is employed as a colouring matter (Scheele's

green). With copper acetate, copper arsenite forms a double salt of a

brilliant green colour, which is applied under the name Schweinjurter

green. On account of their containing arsenic, both substances are

dangerous, and their use for articles of daily use, and more especially
also in wall-papers, must by all means be excluded.

755. Arsenic Trichloride. In a current of chlorine, arsenic

burns without external application of heat and forms a colourless,

heavy liquid (density 2-2), which boils at 134, and whose vapour
yields the molar weight 182. The latter number forms the chief

reason for assigning to arsenic the combining weight 75, and to its

chloride the formula AsCl3 ,
for 75 is the smallest weight of arsenic

occurring in a mole of any volatile arsenic compound.
Arsenic trichloride can also be obtained by pouring sulphuric acid

over arsenic trioxide and adding pieces of rock salt. By the action of

the sulphuric acid on the sodium chloride, hydrochloric acid is formed,
and this acts on the arsenic trioxide according to the equation
As4 6 + 12HC1 = 4AsCl3 + 6H20. Since, on the other hand, arsenic

trichloride is partially converted by water into trioxide and hydro-
chloric acid, the method is successful only when a large excess of

concentrated sulphuric acid is employed whereby the water produced
is bound.

A chemical equilibrium, which depends on the concentration of

the four substances, exists between water, arsenic trichloride, hydrogen
chloride, and arsenic trioxide. An increase of the water promotes the

decomposition of the trichloride
;
an increase of hydrogen chloride, its

re-formation. That ordinary aqueous hydrochloric acid also converts

part of the trioxide into chloride, is seen from the increased solubility

of the trioxide in concentrated hydrochloric acid as compared with

that in water
;
the excess is dissolved as chloride.

The presence of the chloride in the hydrochloric acid solution is

also made evident from the fact that on distillation an arsenical distil-

late is obtained. Since arsenic trioxide or arsenious acid is not volatile

under these conditions, the arsenic can pass into the distillate only

in the form of volatile trichloride. This behaviour is of importance
for the treatment of arsenical substances in analysis. Solutions con-

taining arsenious acid and hydrochloric acid cannot be evaporated
without a danger of loss of arsenic.

In order to avoid this we may either make the liquid alkaline

before evaporating it, or the arsenious acid may be converted by an

oxidising agent into arsenic acid. A solution of the latter can be

evaporated without loss even when strongly acidified with hydro-
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chloric acid. For arsenic does not form any pentachloride corre-

sponding to arsenic acid, nor any other volatile chlorine compound
belonging to this stage of oxidation.

The above gives a means of purifying sulphuric acid containing
arsenic. The arsenic is reduced to arsenious acid (if it is not already
in this condition), and hydrogen chloride is passed through the heated

acid ; the arsenic is then volatilised as the trichloride.

Conversely, hydrochloric acid can be freed from arsenic by oxidising
the latter to arsenic acid and distilling the acid. The arsenic remains

in the residues.

Arsenic forms similar compounds with bromine and iodine, AsBr3
and AsI3 ;

these have a higher boiling point and melting point. At
room temperature they are both solid

;
the bromide melts at 31 and

boils at 220
;
the iodide at 146 and 400 respectively.

The compounds are obtained by bringing together the free

elements
;

this is best done under carbon disulphide, which can then

be removed by evaporation. The bromide is colourless, the iodide

red. Like the chloride, both compounds are decomposed by water
;

the relative amount of the portion dissolving without decomposition
is not known. The heats of formation are : AsCl3 ,

229 kj : AsBr3 ,

188 kj ;
AsI3 ,

53 kj.

756. Arsenic Trisulphide. Arsenic trisulphide, As
2S3 ,

corre-

sponding to the trioxide, occurs in nature. It forms yellow crystals

with a slight metallic lustre
;
on being ground it yields a bright lustrous

powder, which was formerly used as a pigment. To this the name

orpiment, the mineralogical name for arsenic trisulphide, is due. In

older writings it is also often called sandarac. Arsenic trisulphide
is obtained as a sulphur-yellow powder, practically insoluble in water,

by precipitating acid solutions of arsenious acid with sulphuretted

hydrogen. Since this is the way in which arsenic is ordinarily separated
in analytical operations, it is important to know the exact properties
of arsenic trisulphide.

On treating a dilute solution of arsenious acid in pure water with

sulphuretted hydrogen, the smell of the gas disappears ;
no precipitate

is formed, but the solution becomes yellow. If a cone of convergent

light rays is allowed to fall on the liquid, the path of the light becomes

bright, owing to diffusion. This fact (and the polarised condition of

the diffused light) shows that the arsenic trisulphide in the liquid is

not really in solution, but is in suspension in a state of very;fine division.

The particles are, however, so small that they are neither visible under

the microscope nor are retained by filter paper. Their size is of the

order of a wave-length of light.

If some hydrochloric acid is added to the liquid it becomes turbid,

and in a few moments arsenic trisulphide separates out in yellow
flakes. Other substances, acids and neutral salts, act in the same
manner as hydrochloric acid, and in a way that is fairly independent
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of their chemical nature. Great differences are, however, found

according to the valency ; precipitation is caused by a small con-

centration of bivalent and by a still smaller concentration of tervalent

cations. If the precipitate is placed as quickly as possible after its

separation on a filter and the acid washed away with pure water, it

again partly passes into a liquid as before
;

another portion remains
insoluble. If the precipitate is allowed to remain some time in the

solution in which it was formed, it becomes completely insoluble. We
again recognise here the properties of colloidal solutions (p. 450). The
formation of such colloidal solutions takes place most easily in pure
water. Addition of foreign substances, especially of a saline character

(to which free acids and bases also belong), causes the separation of

the colloidal substances in the form of amorphous flakes. For this

reason the colloidal solution of arsenic trisulphide can be obtained

with sulphuretted hydrogen only from a pure solution of arsenious

acid. If the solution contain, for example, hydrochloric acid along
with the arsenious acid, the arsenic trisulphide is at once formed as

a flocculent precipitate on being treated with sulphuretted hydrogen.
If the yellow colloidal solution is kept some time it becomes more

and more turbid, and gradually deposits more and more of the arsenic

trisulphide as a precipitate.. This is also a general property of colloidal

solutions
;
the dissolved substance passes in time spontaneously into an

insoluble form.

The characteristic difference between colloidal solutions and the

true solutions, viz. that the former do not exhibit any elevation of

the boiling point nor depression of the freezing point as compared
with pure water (p. 450), is also found in the case of colloidal arsenic

trisulphide.
Arsenic trisulphide, not in the colloidal condition, is practically

insoluble in water and acids
;
more especially, it is not attacked by

fairly concentrated hydrochloric acid, and thereby differs essentially

from antimony trisulphide. It is readily oxidised by nitric acid

to arsenic acid and sulphuric acid. On standing in a moist condition

in contact with the oxygen of the air, it is also readily oxidised.

Arsenic trisulphide is readily soluble in alkaline liquids of all kinds,

caustic alkalis, alkali carbonates, ammonia, and also ammonium
carbonate

;
it also dissolves in soluble sulphides and hydrosulphides.

Various salts are contained in the solutions according to the solvents

used
;

these may be regarded as arsenites in which some or all of the

combining weights of oxygen are replaced by sulphur. We are there-

fore dealing with the salts of thioarsenosion, and the members inter-

mediate between these and the salts of arsenious acid. In the latter

case we are dealing with mixtures the nature of which has not yet

been explained. Arsenic trisulphide is again precipitated from all

these solutions by the addition of acids.

By means of its solubility in ammonium carbonate arsenic tri-
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sulphide can be readily separated from all the other sulphides which

are precipitated from acid solution by sulphuretted hydrogen.
757. Arsenic Hydride. When a solution containing arsenic

(e.g. arsenious acid) is added to a mixture of zinc and hydrochloric

acid, from which hydrogen is being evolved, a gaseous compound
mixes with the hydrogen, and essentially alters its properties. The
arsenical hydrogen has a strong garlic-like smell, is extremely poisonous,
and burns with a bright white flame, which differs essentially from the

pale-blue flame of pure hydrogen.
The cause of this change is the formation of arsenic hydride, AsH3 ,

which can be obtained in an approximately pure condition by fusing

together arsenic and zinc to form the compound Zn3
As

2 ,
and decom-

posing this with hydrochloric acid : Zn3As2 + 6HC1 = 2AsH3 + 3ZnCl2
.

FIG. 129.

In the pure state, arsenic hydride is a colourless gas, which liquefies

at -40.
The presence of arsenic hydride along with much hydrogen can be

recognised not merely by the peculiarities above mentioned. If the

dried arsenical gas is passed through a glass tube constricted at one

point, and the latter heated to a low red heat immediately in front of

the constriction, the arsenic hydride decomposes into hydrogen, which

escapes, and metallic arsenic, which is deposited as an
"
arsenic mirror

"

(p. 740) in the constricted portion of the tube. The arrangement is

shown in Fig. 129.

Since, in this way, all arsenic compounds dissolved in acid liquids

can be converted into arsenic hydride or metallic arsenic, and even

extremely small quantities of the latter can be recognised in the form

of the mirror, the above arrangement is used for the detection of arsenic

in analysis.
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The flame of the arsenical hydrogen is white, and deposits on cold

objects held in it a brown-black film of metallic arsenic. A black

precipitate is produced in a silver solution.

All these reactions are very similar to those of antimony hydride

(p. 737), and it is therefore of importance to distinguish between the

two. For this purpose a solution of sodium hypochlorite may be most

simply used. In this the arsenic mirror speedily dissolves, while

the antimony mirror remains for a long time unchanged. Further,
the arsenic mirror is readily volatile, the antimony mirror is not.

Sulphuretted hydrogen or ammonium sulphide vapour converts the

former into bright-yellow arsenic sulphide, insoluble in hydrochloric

acid, the latter into yellow-red antimony sulphide, soluble in hydro-
chloric acid. . The precipitate produced in silver solutions by arsenic

hydride is silver, the arsenic passing into solution as arsenious acid.

Antimony hydride forms silver antimonide, and there is no antimony
in solution. The last reaction affords a means of analysing mixtures

of the two hydrogen compounds.
758. Compounds of Quinquevalent Arsenic. The compounds

hitherto discussed can all be referred to the tervalent type. Besides

the latter, arsenic forms two other series of compounds, one of which

corresponds to the quinquevalent type, while there are also other com-

pounds which point to the existence of a bivalent type. The latter

are comparatively rare and unimportant.
When arsenic trioxide is treated with oxidising agents, e.g. nitric

acid, a solution is obtained from which, on greatly concentrating,
arsenic acid, H3As04 , crystallises out.

In its whole behaviour arsenic acid is very similar to orthophos-

phoric acid. Like this it is tribasic, but its soluble, normal salts are

partially hydrolysed on being dissolved in water, and therefore react

alkaline. All the salts of arsenic acid are isomorphous with the corre-

sponding salts of phosphoric acid ;
in fact, it was in the case of the

arsenates and phosphates that similarity of form along with corre-

sponding composition was first observed.

The solubility relations of the salts of arsenic acid have also a very

great similarity to those of the salts of the phosphoric acids.

The following differences, however, exist in the behaviour of the

two substances. In the first place, one has not succeeded in preparing

partial anhydrides of arsenic acid, corresponding to pyrophosphoric
and metaphosphoric acids. On the contrary, only orthoarsenic acid,

H3As04 , along with its salts, and arsenic pentoxide are known.

Further, even on being gently warmed, arsenic acid loses water

and passes into its anhydride, arsenic pentoxide, As2O5 ;
while phos-

phoric acid (p. 393) can be dehydrated, by heating, only to meta-

phosphoric acid.

Arsenic pentoxide is obtained as a white powder by heating arsenic

acid to a moderate temperature. On being more strongly heated it
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loses oxygen, and passes into arsenic trioxide. When mixed with

water it first forms a pasty mass, which is slowly converted into a

clear solution of arsenic acid.

Arsenic acid is used in the arts and manufactures as a feeble oxidising

agent in the preparation of certain dyes (fuchsin).

The salts of arsenic acid are of slight importance. While those

of the alkali metals are readily soluble in water, the other metals

mostly form sparingly soluble salts. The magnesium ammonium salt,

Mg(NH4)As04 ,
which is formed under similar conditions to the corre-

sponding phosphate (p. 567), and, similarly to it, is used for the deter-

mination of arsenic acid, and therefore also of arsenic, deserves to be

mentioned. Under the action of reducing substances (filter paper,
unburnt coal-gas) and on warming, reduction very readily occurs

with volatilisation of arsenic, and attention must be paid to this in

analysis.
In respect of its electrolytic dissociation, arsenic acid is very similar

to phosphoric acid. Even up to a great dilution the aqueous solution

contains chiefly the ions H' and H2As04', and the further stages of

dissociation are quite subsidiary. At the same concentration arsenic

acid is less dissociated than phosphoric acid, but the difference is not

great.
An arsenic pentachloride corresponding to arsenic acid can be

obtained by passing chlorine over arsenic trichloride at - 60. It forms

yellow crystals which melt at -40 and can be recrystallised from

ether. At a higher temperature it decomposes into trichloride and

chlorine. It is, therefore, much less stable than phosphorus or antimony

pentachloride.
759. Arsenic Pentasulphide. A solution of sodium thioarsenite,

Na3AsS3 ,
when warmed with sulphur, readily takes up a combining

weight of the latter, and forms a new salt according to the equation
Na3AsS3 + S = Na3AsS4 . We are here dealing with the sodium salt

of the tervalent thioarsenanion, AsS4'".
On attempting to liberate the thioarsenic acid by the addition of

another acid, a yellow precipitate is produced, which looks almost like

arsenic trisulphide, but has the composition As2S5 ,
and is therefore

arsenic pentasulphide. In this process again thioarsenic acid is first

formed, but the acid is not stable, and decomposes into arsenic penta-

sulphide and sulphuretted hydrogen.
Arsenic pentasulphide is also a rather unstable compound, and

readily decomposes into arsenic trisulphide and sulphur.
760. Compounds of the Bivalent Type. Arsenic unites with

sulphur and with iodine to form the compounds As2S2 and AsI
2 ,
which

belong to a lower type than the compounds hitherto discussed.

The sulphur compound occurs naturally in dark-red crystals, and

can be prepared from the two elements by fusing them together. Its

mineralogical name is realgar. It fuses readily, and burns in the air
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to arsenic trioxide and sulphur dioxide
;

it dissolves in the solvents for

arsenic trisulphide, leaving behind a residue of arsenic.

Arsenious iodide, AsI
2 ,

is also obtained as a dark-red mass by
heating its constituents in a closed tube, and crystallises from carbon

disulphide in long needles. In chemical reactions it behaves similarly
to the sulphur compound, metallic arsenic being deposited and the

corresponding tervalent compounds formed.
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VANADIUM, NIOBIUM, TANTALUM, GALLIUM, AND INDIUM

761. Vanadium. The three elements, vanadium, mo6mm,and tantalum

resemble those of the nitrogen group in that they chiefly form com-

pounds belonging to the quinquevalent type, and that their higher

oxygen compounds have an acid character. In the elementary state

they have the properties of metals
;

their halogen compounds are

readily volatile. All three are found only sparingly in the earth's

crust, although the first mentioned, vanadium, occurs in small

quantities widely distributed.

Vanadium is obtained from the mixtures containing it by fusing
these with soda and saltpetre. It is thereby converted into soluble

sodium vanadate, and can be extracted with water. After the

admixtures have been removed as far as possible, pieces of solid am-
monium chloride are placed in the liquid. Ammonium vanadate is

then formed, which is practically insoluble in the concentrated solution

of ammonium chloride, and separates out as a crystalline powder. By
heating the ammonium salt in the air vanadium pentoxide, V2 5 ,

the

anhydride of vanadic acid, is obtained as a yellow or brown powder,
which dissolves in water with a red colour. The solution appears,

however, to be essentially of a colloidal nature, as it is precipitated by
neutral salts.

Various acids can be derived from vanadium pentoxide. Meta-

vanadic acid, HV03 ,
in the form of its salts, is the best known. The

above-mentioned ammonium salt is a metavanadate (NH4)V03 . Ortho-

and pyro-vanadates also exist. Besides these acids,
"
condensed

"
acids,

containing several combining weights of vanadium, are readily formed.

Thus, for example, the salts of hexavanadic acid, H2V6 16 ,
are known.

They are formed on acidifying the simple vanadates, and are of a

yellow-red to dark-red colour, while the simple vanadates are white,

or sometimes yellow.' Little is known, however, of the conditions of

formation and of mutual transformation of these various forms.

Vanadium pentoxide is capable also of uniting with strong acids to

form salt-like compounds, hydroxyl being split off instead of the acid

748
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hydrogen. Such compounds, more especially with sulphuric acid, are
known even in the solid state.

By reducing the pentoxide with hydrogen, or with charcoal at a

high temperature, vanadium trioxide, V2 3 ,
is obtained as a grey-black

powder with metallic lustre. This was formerly regarded as metallic

vanadium, since, besides having a metallic lustre, it is also a good
conductor of electricity. It dissolves in acids to form dark-green
salts, containing the tervalent, green trivanadion V", which are also

obtained by reducing acid solutions of the pentoxide with zinc.

Besides these two oxides, the compounds V20, V2 2 ,
V2 4 ,

and
some intermediate compounds have also been prepared. They have
all a metallic appearance. The dioxide dissolves in dilute acids to

form blue liquids, which evolve hydrogen, and have strong reducing

properties. They contain, presumably, a bivalent, violet-blue divan-

adion V".

The compounds with the halogens, especially with chlorine, exhibit

as great variety as the oxygen compounds. Strange to say, a penta-
chloride, which would be expected, corresponding to the pentoxide,
does not exist

;
the highest chloride stage is the tetrachloride, VC14 .

An oxychloride, however, viz. vanadyl chloride, VOC13(
VO =

vanadyl),

belonging to the quinquevalent type, is known. It is obtained by first

passing hydrogen and then chlorine over a heated mixture of vanadium

pentoxide and charcoal. It is a bright-yellow liquid, boiling at 127,
which reacts with water with great rise of temperature, and fumes in

the air. From this VOC12 and VOC1 are obtained by reduction with

hydrogen ; they are both solid, crystalline substances, the former being

green, the latter brown.

If a mixture of vanadyl trichloride vapour and chlorine is passed
over red-hot charcoal, the tetrachloride, VC14 ,

is obtained as a brown

liquid, boiling at 154. On being heated more strongly it decomposes
into chlorine and vanadium trichloride, VC13 ,

which forms lustrous,

violet-red crystals, which recall chromic chloride . They attract moisture

from the air and deliquesce to a brown liquid. On heating the vapour
with hydrogen the tetrachloride is converted into vanadium dichloride,

VC12 . This forms apple-green, difficultly volatile crystals with a

micaceous lustre, which deliquesce in the air to a violet-blue liquid.

Finally, on strongly heating the dichloride in a current of hydrogen,
metallic vanadium is obtained as an unmelted, grey mass, which acquires

a metallic lustre on being rubbed, and does not dissolve in dilute acid.

It burns readily in a current of nitrogen, forming vanadium nitride,

VN, a yellow-brown powder with a metallic lustre. On fusion with

caustic potash the nitride is converted into vanadic acid with evolution

of ammonia.
On passing sulphuretted hydrogen into a solution of ammonium

vanadate in ammonia a precipitate is produced which, on continuing

to pass the gas, dissolves, forming a fine, violet-red coloured liquid.
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From this solid ammonium thiovanadate, resembling potassium per-

manganate in appearance, crystallises out. The salt has the composition

(NH4)3VS4 ,
and therefore belongs to the ortho series. On adding

acids, sulphuretted hydrogen is evolved, and a brown precipitate is

formed, which, however, does not appear to be pure vanadium penta-

sulphide. The latter is obtained as a black powder by fusing the

trisulphide with sulphur. The trisulphide, in its turn, is obtained by

heating the pentoxide in a current of sulphuretted hydrogen, or, better,

of carbon disulphide. It is grey-black in colour, and dissolves in alkali

sulphides, especially in such as contain excess of sulphur, forming a

red-violet solution of thiovanadate.

Vanadic acid has the property of catalytically accelerating certain

oxidation processes (e.g. the oxidation of aniline to aniline black, with

sodium chlorate), and is therefore employed for that purpose in the

arts and manufactures. Even very small quantities of the acid are

sufficient to effect a great acceleration.

The combining weight of vanadium has been found equal
to 51-06.

762. Niobium and Tantalum are two extremely rare elements,

whose combining weights are respectively 93-5 and 181-0. Free niobium

is obtained as a grey metal by the reduction of its chloride with hydrogen
at a red heat. It resists the action of dilute acids, but burns in a

current of chlorine. Both elements can be obtained in the electric

furnace as very hard metals which melt above 1800, and which stand

in the potential series, on the side of the base metals. With oxygen,
niobium forms a pentoxide., Nb

2 5 ,
which is the anhydride of a very

weak acid, the alkali salts of which are decomposed even by carbonic

acid, with precipitation of the hydroxide. On being heated in a

current of hydrogen the pentoxide passes into a black, metal-like

dioxide, which was formerly taken for the metal.

With chlorine, niobium forms a pentachloride which can be obtained

by heating the pentoxide with charcoal in a current of chlorine. It

forms yellow crystals which melt at 194 and boil at 240. If in the

preparation the presence of water is not avoided, niobium oxychloride,

NbOCl3 ,
is chiefly formed as a white mass, which does not fuse, but

sublimes at 400. A trichloride is also known, which is deposited on

strongly heating the vapour of the pentachloride.
Niobium forms complex compounds with fluorine, which exhibit a

somewhat varied composition, and which have not yet been arranged
under simple types.

The compounds of tantalum are very similar to those of niobium.

Especially characteristic is potassium tantalofluoride, the potassium
salt of hydrotantalofluoridion, TaF

7

"
;
the corresponding acid, H2TaF7 ,

is readily formed by dissolving the pentoxide in hydrofluoric acid.

763. Gallium and Indium. The elements most nearly related

to these two rare elements are to be found among the alkaline earth
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metals. In certain respects, however, they resemble the heavy metals,
so that it appeared more suitable to discuss them at this point.

764. Gallium occurs very sparingly in certain zinc blendes, and
was discovered by means of the spectroscope by Lecoq de Boisbaudran
in 1875. With the exception of mercury, it is the only metal which
can be liquid at the ordinary temperature. Its melting point, it is

true, lies somewhat higher, viz. 30, but it can easily be supercooled,
and it remains liquid at room temperature if not brought into contact

with the solid metal. It has the density 6, and is, in the solid state, hard

and brittle. It undergoes superficial oxidation in the air and in water,
and readily dissolves in acids and alkalis with evolution of hydrogen.

Gallium has the combining weight 70.

Gallium yields two series of compounds, in which it appears as

bivalent and as tervalent. The first series has been 4ittle investigated,
and the corresponding compounds are converted by water into com-

pounds of the tervalent series with evolution of hydrogen.
The derivatives of the tervalent series are derived from the tervalent

trigattion, Ga'". This is colourless, is only slightly basic, and in its

properties is closely related to aluminion. Its salts, however, undergo

hydrolysis more readily. Gallium hydroxide, which can be obtained

by the careful addition of a base to gallic salts, is a gelatinous, white

precipitate, which dissolves both in acids and in bases. It is appreci-

ably soluble also in ammonia, showing that gallium hydroxide has

somewhat stronger acid properties than aluminium hydroxide, and can

therefore form anions of the composition Ga03H2 ', Ga03H", Ga03'".

Gallium unites with chlorine to form gallium sub-chloride, GaCl2 ,

which is formed from the metal and free chlorine, using excess of the

former. It is a white mass which melts at 164 and boils at 535.

When once fused it remains for a long time liquid, even at room tempera-

ture, since by reason of the rarity of the element the presence of particles

of it in the dust is excluded. With water it yields a basic chloride and

hydrogen.
Gallic chloride is formed when excess of chlorine is employed. It

melts at 76 and boils at 220. The vapour density leads to a molar

weight between 350 and 190, and shows, therefore, that the vapour
is a mixture of Ga2Cl6 and GaCl3 ,

the composition of which depends
on the pressure and temperature (cf. p. 353). The chloride dissolves

in water, but soon deposits basic compounds, hydrochloric acid being

split off.

The other gallic salts behave in a similar manner. Mention should

be made of the sulphate, which is similar to aluminium sulphate, and

also forms alums, which crystallise in the usual regular forms, with

the alkali sulphates.
765. Indium was discovered in 1863 by Reich and Richter, also

by means of the spectroscope, and is, like gallium, associated with zinc

in certain blendes.
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Metallic indium is soft, like lead, white-grey in colour, has the

density 7-4, melts at 176, is oxidised in the air, and stands between
cadmium and lead in the potential series. Its combining weight is

114*8.

In its compounds indium appears as uni-, bi-, and ter-valent, but
the last class of compounds are alone stable in aqueous solution. The
former are represented by the chlorine compounds InCl and InCl

2 ,
the

latter of which is obtained by heating the metal in a current of chlorine.

It is obtained as a yellow liquid, which solidifies to a white crystalline
mass. This dissolves in water with formation of indium trichloride,

a third of the indium separating out as the metal. If the dichloride

is fused together with metallic indium, the latter dissolves with a dark-

red colour, and yields a black-red crystalline substance, indium mono-
chloride ;

this is- also decomposed by water into metallic indium,
which is deposited, and indium trichloride, which passes into

solution.

Indium trichloride is formed, as a white mass, by the action of

excess of chlorine on metallic indium
;

it volatilises at about 440 and
dissolves in water with great rise of temperature. The aqueous solu-

tion is fairly stable
;

it can be evaporated on the water-bath without

material decomposition, and probably contains a colourless tervalent

tri-indion, In'". With hydrochloric acid it forms a complex tervalent

indium-chloridion, InCl6'", which is known in the form of its well-

crystallising alkali salts.

From feebly acid solutions, sulphuretted hydrogen precipitates

yellow indium sulphide, which is soluble in strong acids.

From the solutions of indium chloride, bases precipitate the white

hydroxide, In(OH)3 ,
which looks like alumina, and on ignition leaves

a greenish-yellow residue. The hydroxide is not soluble in excess of

ammonia, but is so in excess of alkalis. On boilingthe solution hydroxide
is again precipitated ;

the explanation of these phenomena has already
been given (p. 582).

Regarding the salts there is not much to say ;
the sulphate forms

a regular alum with potassium or ammonium sulphate.
The "

basic indium sulphite," of the composition In2(S03)3 . In2 3 .

8H20, is of importance in analysis. It is deposited as a very sparingly
soluble precipitate when the solution of an indium salt is boiled with

acid sodium sulphite. We are probably dealing here with a complex
compound ; nothing is known, however, regarding its constitution.
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TIN AND ITS CONGENERS

766. General. Just as in bismuth we met with a metal of pro-
nounced metallic character connected by a regular transition with the

decidedly non-metallic elements nitrogen and phosphorus, so we have
in tin a metal whose extreme congeners are to be found in silicon and
carbon. In this case also the intermediate members exist by which
the union between such different end-members is effected.

Tin is a white metal which has been known from olden times
;

it

has a low melting point* (235), and is very stable towards air and
water at the ordinary temperature. It is not found in the free state

on the earth's surface, but only as the oxide
;

it can, however, be so

easily reduced with charcoal that the early knowledge of it is readily

explicable.

Metallic tin has the density 7-3, and solidifies in a crystalline con-

dition on cooling. This character quickly disappears when the metal

is rolled, and tin can be beaten out to thin leaves
;

this is greatly used,
under the name of tinfoil, for preventing the volatilisation of volatile

substances and protecting substances, which are acted on by the air,

from oxygen. The metallic surface keeps very well so long as the

temperature is not raised
;

the simultaneous action of air and water

has also very little influence on the metal, so that vessels made of tin

(or coated with tin) are greatly used in the household, in drug stores,

and in the laboratory. In the preparation of distilled water in the

laboratory, more especially, the water vapour is condensed in tin

spirals, since water does not dissolve an appreciable quantity of this

metal.

Besides the ordinary white tin, a grey form is also known, which

has a much smaller density (5-8), and which, under certain conditions,

is formed from white tin. It has been found that we are dealing here

with an enantiotropic form, which is stable at lower temperatures,
while white tin is stable at higher temperatures. The transition

temperature is 18. In spite of the fact, therefore, that at medium

temperatures ordinary white tin is in the metastable region, the forma-

753 3 C
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tion of grey tin rarely occurs, since in the neighbourhood of the point
of transition the velocity of transformation is very small. On lowering
the temperature, this velocity first increases and then decreases. The
increase is due to the fact that, in general, transformation takes place
all the more quickly the further the substance is removed from the

point of equilibrium. On the other hand, the general diminution of

the reaction velocity by lowering of temperature comes into play, and
the result is that on continuously lowering the temperature the velocity
of transformation first increases and then decreases. In the case of

tin the temperature of greatest velocity is about - 48
;
the formation

of grey tin has, therefore, been observed chiefly in great cold.

At a moderately high temperature tin oxidises fairly quickly and

passes into its dioxide. It is only slightly attacked by dilute acids.

Concentrated hydrochloric acid dissolves it with evolution of hydrogen,
nitric acid oxidises it to insoluble dioxide. In the potential series it

stands between cadmium and lead.

Tin forms two series of compounds, in which it is respectively
bivalent and quadrivalent ;

the former are called stannous, the latter

stannic compounds. In the bivalent series it forms a bivalent di-

stannion, Sn"
;

the oxide of the second series is an acid anhydride.
Its combining weight is Sn = 119-0.

767. Distannion. Salts of distannion can be obtained only
with difficulty by dissolving tin in dilute acids. The most easily

formed is the chloride, SnCl2 ,
which is almost the only fairly well-

known' stannous salt. Distannion is colourless, and has a poisonous
action.

From solutions of the stannous salts soluble bases precipitate white

stannous hydroxide, which readily dissolves in an excess of caustic

potash or soda, but is insoluble in ammonia. On being heated, the

alkaline solution deposits metallic tin, a salt of stannic acid, belonging
to the quadrivalent type, being formed. The reaction corresponds

exactly with the transformation of monocuprion into dicuprion and

metallic copper (p. 672). In other respects also the solution is un-

stable
;

on keeping it at room temperature black stannous oxide,

SnO, the anhydride of stannous hydroxide, is deposited. The latter

is much less soluble than the hydroxide, and the hydrolysis which the

alkaline solution experiences is sufficient to cause the separation, not

indeed of the soluble hydroxide, but of the oxide. The case is exactly
similar to that of beryllium oxide (p. 576).

The stannous salts readily pass into stannic compounds, and are

therefore strong reducing agents. They precipitate the noble metals

from their solutions
;

mercuric chloride is first reduced to mercurous

chloride, forming a white precipitate, and then to a grey powder of

metallic mercury. This very sensitive reaction is employed for the

detection both of mercury and of the stannous salts. The oxygen of

the air is also quickly absorbed. Solutions of stannous salts quickly
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become turbid in the air, sparingly soluble oxidation products being

deposited. Oxidation is avoided as far as possible by introducing a

little metallic tin into the acid solution, whereby any stannic compound
which is formed is again reduced.

Stannous chloride crystallises with two moles of water of crystal-
lisation in readily soluble needles, which are generally superficially

oxidised, and do not therefore yield a clear solution. This chloride

is known commercially as tin salt, and is used as a mordant in dyeing
and also as a reducing agent in the manufacture of organic

compounds.
Hydrochloric acid combines with stannous chloride to form hydro-

stannochloric acids, of which probably several exist, the chief being
HSnCl3 and H

2SnCl4 . The corresponding alkali salts are known ;

they crystallise well, and prove to be more stable than stannous

chloride.

Stannous bromide is very similar to the chloride. Stannous iodide

is a red crystalline substance which is sparingly soluble in water, but

which dissolves in hydriodic acid and soluble iodides, forming with

these complex salts of stannoiodidion, SnI4". Water decomposes
them, oxyiodides being deposited and hydriodic acid passing into

solution.

In the solutions of the stannous salts sulphuretted hydrogen pro-
duces a brown-black precipitate of stannous sulphide, SnS, which is

not soluble in dilute acids. Concentrated hydrochloric acid dissolves

it with evolution of sulphuretted hydrogen.
It is not dissolved by alkali sulphides if these do not contain an

excess of sulphur, and are therefore colourless ;
it dissolves, however,

in alkali polysulphides, whereby a simultaneous change into the stannic

series occurs and a thiostannic acid is formed. This is seen from the

fact that acids no longer precipitate from these solutions black-brown

stannous sulphides but yellow stannic sulphide.

768. The Stannic Series. It is not quite certain whether in the

solutions of the salts of the stannic series the presence of a quadrivalent

stannion Sn"" in any considerable quantity has to be assumed. Stannic

hydroxide behaves chiefly as a very weak acid, and the solutions

of the corresponding halogen compounds undoubtedly contain a

considerable portion of the compound in the undissociated state.

Since, however, stannic hydroxide also dissolves in other acids, e.g.

sulphuric acid, one may assume the presence of cations derived from

Sn(OH)4 , although the first stages of the electrolytic dissociation, viz.

the cations Sn(OH)3

*

, Sn(OH)2", and Sn(OH)"', will predominate.

When tin is heated in a current of chlorine it combines with the

latter to form tin tetrachloride or stannic chloride, Sn014 ,
which distils

over as a colourless liquid of density 2-2 and boiling point 120. It

fumes strongly in the air as it undergoes decomposition with water ;

it dissolves in water with considerable evolution of heat, forming a
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clear liquid. This still contains, especially when concentrated, a

portion of the chloride dissolved unchanged, for on boiling this passes
over with the steam. The greatest part is, however, hydrolytically

dissociated, and the dilute solution contains essentially hydrochloric
acid along with colloidally dissolved stannic hydroxide. This is

proved by the fact that the solution exhibits all the properties of a

correspondingly dilute solution of hydrochloric acid, and also by the

fact that, when strongly illuminated, it disperses the light (Tyndall

phenomenon), and that in course of time the greater porton of the tin

separates out as a white, gelatinous precipitate of stannic hydroxide.
When small quantities of water are allowed to combine with stannic

chloride, rise of temperature being avoided, various hydrates are

formed with from three to nine moles of water of crystallisation, the

first of which is the most stable. They are crystalline substances

which dissolve in water, and yield solutions which exhibit the same

properties as the solution of the tetrachloride when prepared directly.

The tetrachloride combines with hydrochloric acid to form a hydro-
stannichloric acid, H2SnCl6 ,

which can also be obtained in the solid

state with 6H20. The crystals melt as low as 28. The acid forms

splendidly crystalline alkali salts, which are also formed from tin tetra-

chloride and the respective alkali chlorides. The ammonium salt,

(NH4)2SnCl6 , crystallises anhydrous, and is used as a mordant in dyeing
under the name of pink salt.

Stannic hydroxide, which slowly separates out from the aqueous
solution of stannic chloride, is immediately obtained by saturating the

solution with a base. A gelatinous precipitate of Sn(OH)4 is formed,
which dissolves in dilute acids

;
from these solutions it again separates

spontaneously after some time. We are probably dealing here with a

colloidal solution which undergoes decomposition, for the reason that

the stannic hydroxide is slowly converted into another less soluble

form. The same transformation also occurs in the original hydro-
chloric acid solution, for the hydroxide precipitated from solutions of

different ages has different properties.
The precipitate redissolves in excess of caustic potash or soda, a

stannic salt or stannate being formed. The solution has a strongly
alkaline reaction, showing that the salt is hydrolytically dissociated.

From the solution in caustic potash a salt, K2Sn03 ,
can be obtained in

crystals ;
in this case, therefore, the stannic acid forms a bivalent

stannanion Sn03", which is comparable with carbanion C03". A number
of other salts are also known containing several combining weights
of tin to two of potassium, and are therefore salts of

"
condensed

"

stannic acid
; they are, however, as a rule not well characterised, and

are unstable.

Differing from this stannic acid there is another compound of like

composition, which is obtained by the action of nitric acid on metallic

tin, and which is usually called metastannic acid. The first action of
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nitric acid leads to the formation of stannous nitrate, the presence of

which can be detected when dilute cold nitric acid is employed. The
nitric acid then acts as an oxidising agent on the distannion, and
stannic nitrate is formed, which immediately decomposes into stannic

hydroxide, and free nitric acid. The former separates out, and the

separation is complete when the liquid is evaporated to dryness. The

hydroxide thus formed has essentially different properties from that

obtained from the tetrachloride. It is insoluble in dilute acids
;

it

dissolves, however, when it is warmed with somewhat more concentrated

acids, the acid poured off and replaced by water, although it does not
dissolve in the acids themselves. This is due to the fact that it takes

up acid and forms salts which, although not soluble in the excess of acid,

dissolve in the pure water. It is quickly deposited again from these

solutions, especially on the addition of sulphuric acid. Metastannic

acid dissolves in alkalis like ordinary stannic acid ;
from the solution,

acids again precipitate metastannic acid. If, however, the salt is

fused with excess of caustic potash, other acids precipitate ordinary
stannic acid.

The relation of the two stannic acids to each other has not yet
been explained. It is probable that there are several intermediate

members between the two forms, and that the metastannic acid is

the final and most stable form. This is rendered probable from the

fact that ordinary stannic acid, when kept for a very long time under

water, is converted into a substance with the properties of metastannic

acid.

769. Stannic Sulphide. From acid solutions of stannic salts,

sulphuretted hydrogen precipitates yellow stannic sulphide, SnS2 ,
which

is not soluble in dilute acids but is readily soluble in alkali sulphides.

Salts of thiostannanion, SnS3", many of which have been prepared in

the solid state, are thereby formed. From these, acids first of all

liberate thiostannic acid, which, however, is just as little stable as the

other metallic thio-acids, and decomposes into sulphuretted hydrogen
and tin disulphide.

Stannic sulphide can also be obtained in the dry way by heating

tin and sulphur (best with addition of ammonium chloride), a crystal-

line product with a gold lustre being thereby formed, consisting of

small scales. On account of its gold-like appearance, it is called mosaic

gold.

770. Alloys of Tin. Tin can be fused in all proportions with

most of the other metals, and yields alloys, many of which are applied

in the arts. With lead it yields a white alloy which fuses more easily

than its components ;
it is used as a sojt solder for uniting other

metals.

With copper, tin forms alloys which have more the character of

chemical compounds, since their properties deviate from those of the

components. According to the amount of the tin, there are obtained
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bronze for statues and guns, bell-metal, and specular metal. Britannia

metal (p. 737) consists of tin with TVth part of antimony.
Tin is very largely employed for the purpose of coating other

metals. Copper utensils used for cooking purposes are tinned in

order to prevent poisonous copper compounds getting into the food.

Further, sheet-iron on being tinned is covered with a white layer of

almost silver lustre, which prevents the iron from rusting and allows

of it being easily united by means of soft solder (vide supra). Tin-

plate made in this way has an extremely wide application ;
the

manufacture of air-tight vessels for preserving provisions (conserve

tins) need only be recalled. Iron vessels which have been tinned

m the piece are more durable than articles made of tin-plate ;
in

these, unprotected spots produced in the process of manufacture

are present, and at these the tin-plate rusts through on'contact with

water.

Finally, the use of tin for coating glass mirrors may be mentioned.

For this purpose a piece of tinfoil of sufficient size is amalgamated,
i.e. is coated with mercury, and on it is placed a well-cleaned glass

plate. By placing the plate upright, the excess of mercury is allowed

to run off, and a crystalline amalgam is gradually formed which lies

close to the glass of the mirror. At the present day the tin-mercury
mirrors have been almost entirely superseded by the silvered ones :

on account of the much smaller thickness of the silver layer such

mirrors can be made more cheaply than the mercury ones
;
the manu-

facture of the latter, moreover, is not free from objection, on account

of the poisonous nature of the mercury.
771. Titanium, Germanium, Zirconium, and Thorium. These

elements are directly allied to tin. With the exception of the first-

named, they occur only sparingly in the earth's crust. In respect
of their properties they occupy a position between silicon and tin in

such a manner that with increasing combining weight the metallic

character becomes more and more developed. They are distinguished

by the formation of readily volatile tetrachlorides, the boiling point of

which, however, rapidly rises with increasing combining weight, and
their most important compounds correspond to the quadrivalent type.
This is the chief reason for classing them with tin. No such reasons

would be furnished by the sulphur compounds, because, with the

exception of that of germanium, these are so unstable that they cannot

be prepared in aqueous solution.

The similarity of the above-named elements to silicon is seen in

their power of forming with fluorine complex anions of the type MF6",

the salts of which are for the most part sparingly soluble and crystallise
well.

772. Titanium. Compounds of titanium occur, it is true, very

widely distributed in nature, but they are nowhere found in large

quantities, and they therefore escape direct observation. The
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occurrence of the element is in the form of titanium dioxide, Ti0
2 ,

or

its salts.

Titanium dioxide furnishes an excellent example of polymorphism,
for it occurs naturally in three different forms, having different crystal-
line shape, different density, etc. The most frequently occurring
is rutile, which crystallises in the quadratic system isomorphous with
tinstone. Anatase is also quadratic, but has quite different properties,
and the third rhombic form is called broolcite.

Titanium dioxide is, like silicon dioxide, the anhydride of a very
weak acid

;
the alkali salts of the latter are obtained by fusing the

dioxide with the hydroxides or carbonates of the alkalis. These

salts, e.g. potassium titanate, K2Ti03 ,
are decomposed by water, sparingly

soluble acid titanate being deposited and free alkali passing into

solution.

On the other hand, titanium dioxide exhibits, feebly basic pro-

perties, for the above precipitate dissolves in acids to a clear liquid.

A like solution is also obtained by dissolving the corresponding titanium

tetrachloride (vide infra) in water. Apparently, however, the solution

is of a colloidal nature, for on being heated for some time, especially
in sulphuric acid solution (or in hydrochloric acid solution with addition

of sodium sulphate), titanic acid separates out as a precipitate which

is now no longer soluble in acids. This process is employed for the

separation of titanic acid from its compounds after these have been

rendered soluble by fusion with acid potassium sulphate. Titanic

acid, therefore, behaves similarly to stannic acid, and the corresponding
two modifications have also been observed in its case. In the latter

case, as in the former, however, we are probably dealing with the end-

members of a continuous series of varying states.

By heating titanium dioxide with charcoal in a current of chlorine,

titanium tetrachloride, TiCl4 ,
is obtained as a liquid boiling at 135,

which fumes strongly in the air and dissolves in water with great rise

of temperature, forming a clear liquid. By neutralising this liquid,

a precipitate of titanic acid soluble in acids (vide supra) is obtained.

While there are no signs of the formation of a hydrotitanichloric

acid, a titanifluoridion, TiF6",
is known. It is formed very readily by

the action of hydrofluoric acid on titanic acid. The free acid may be

assumed in the solutions thus formed; it is not known in the pure
state. Of its salts, the potassium salt, K2

TiF6 . H20, is best known
;

it is a salt which is rather sparingly soluble in water (9 parts in 100 parts

water at room temperature), and can be easily obtained in large crystals

by dissolving titanic acid in hydrofluoric acid and adding a potassium

salt. In these compounds, the similarity to silicon is especially well

seen (p. 493).

Besides the quadrivalent stage of titanium, there also exist a

bivalent, a tervalent, and a sexavalent stage, but these are of sub-

ordinate importance. By heating the vapour of the tetrachloride
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with hydrogen, the trichloride is obtained in the form of violet scales,

which dissolve in water, yielding a violet liquid which readily oxidises

in the air and deposits titanic acid. These violet solutions can also be

obtained from the acid solutions of titanic acid by reduction with zinc

or sodium amalgam. They contain, presumably, a violet-coloured,

tervalent titanion, Ti'". With hydrofluoric acid and soluble fluorides,

salts of a bivalent titanifluoridion, TiF6", are formed, which are also of

violet colour.

If titanium trichloride is heated alone, it decomposes into tetra-

chloride, which escapes, and difficultly volatile dichloride, which collects

in the colder parts of the apparatus as a black crystalline mass, volatile

at a red heat. The compound reacts violently with water, and yields
a yellow-brown solution which oxidises in the air. Compounds of this

series are also obtained by the very energetic reduction of the acid

titanic solutions with sodium amalgam.
Finally, there is a still higher stage of oxidation of titanium which

is obtained when hydrogen peroxide is added to a solution of titanic

acid in concentrated sulphuric acid. The liquid immediately becomes

deep yellow in colour, and the reaction is visiblewith such small quantities
that it is employed as one of the best methods of detecting hydrogen

peroxide. By neutralising the sulphuric acid, a yellow, solid substance

of the composition Ti03 can be separated.
773. Titanium Nitride. Titanium exhibits a special tendency

to combine with nitrogen. It unites so readily with the latter at

moderately high temperatures that most of the preparations which

were formerly regarded as metallic titanium consisted chiefly of titanium

nitride. A substance with a metallic lustre, which is frequently found

in blast furnaces and was formerly regarded as metallic titanium, has

been recognised as titanium cyanide, Ti10C2N8
. If potassium titani-

fluoride is reduced with sodium or potassium, the titanium formed

at once combines with the nitrogen of the air. Of these nitrogen

compounds, which are most easily obtained by heating titanic chloride

with ammonia in a red-hot tube, two are known corresponding to the

formulae Ti3N4 and TiN
2

. These are crystalline substances with a

metallic lustre, which evolve ammonia copiously on being fused with

caustic potash or soda, passing thereby into titanates.

The combining weight of titanium is Ti = 48-l.

774. Germanium is an element of extremely rare occurrence.

It can be reduced from its oxygen compounds by ignition with char-

coal, and is thus obtained as a very brittle metal which fuses at about

900 and has the density of 5-5 ; it is insoluble in dilute acids, is dis-

solved by aqua regia, and is converted into the dioxide by nitric acid.

It forms a bivalent and quadrivalent series of compounds ;
the quadri-

valent is the more stable.

Germanium dioxide, Ge02 ,
is formed by heating the metal in air,

and is a white powder which, with water, first forms a milky fluid
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and then passes into solution. It dissolves in alkalis, forming salts of

germanic acid, and is also soluble in acids
;

it behaves, therefore, like

tin dioxide. These salt-like compounds are not well characterised.

With chlorine, germanium forms a tetrachloride, GeCl4 ,
which is a

colourless liquid fuming in moist air
;

it boils as low as 86, and dis-

solves in water with rise of temperature. The compound GeHCl3 ,"
germanium chloroform

"
(cf . p. 429), is formed by the action of hydrogen

chloride on metallic germanium ; it is very similar to the tetrachloride,
and boils at 72.

A germanium hydride, GeH4 ,
is also formed under similar conditions

to arsenic hydride. In a heated tube it gives a
"
germanium mirror."

Germanium fluoride is not known
;

a hydrogermanifluoric acid,
H

2GeF6 , however, exists, which has a similar composition to hydro-
fluosilicic acid, and forms well-crystallised salts, most of which are

sparingly soluble in water.

Germanium sulphide, GeS2 ,
is a white powder which very readily

passes into colloidal condition, and can therefore be precipitated

only by a large excess of acids. It is formed when salts of thioger-

mananion, GeS3", produced by the addition of soluble sulphides to

solutions containing germanium, are decomposed by excess of acid.

It is somewhat soluble in water, and gives coloured precipitates with

metallic salts. The mineral argyrodite is a silver salt of thiogermananion,
and in it germanium was first discovered by Winkler in 1886.

Of the compounds belonging to the bivalent series, germanous
sulphide is the best known

;
it is obtained by the careful reduction of

germanic sulphide, and forms grey-black clusters with a metallic lustre.

From aqueous solutions it is deposited as a red-brown precipitate in-

soluble in excess of acids. Towards alkali sulphides it behaves like

stannous sulphide. It is slightly soluble in water.

775. Zirconium has received its name from the mineral zircon, a

silicate of zirconia
;

the latter was recognised as a distinct earth by
Klaproth in 1789. Metallic zirconium is obtained by heating the

potassium fluoro-compound with aluminium or sodium
;

with the

former, under suitable conditions (high temperature), a very difficultly

fusible crystalline zirconium is obtained in bright grey laminae
;
with

the latter, a black powder of amorphous zirconium, which readily

passes into colloidal suspension, is obtained. The crystalline form is

very resistant to chemical attack, and passes into combination only at

high temperatures. The combining weight is Zr = 9O6.

Zirconium forms only one series of compounds, belonging to the

quadrivalent type. The hydroxide has essentially a basic character,

since it does not dissolve in alkalis ;
its properties are, however, those

of a very feeble base. It is obtained by bringing zirconium into solution

by fusion with acid sodium sulphate and precipitating the zirconia

with ammonia. After drying, the precipitate has the composition

ZrO(OH)2 ,
and is slightly soluble in water

;
the solution reacts alkaline.
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Even on standing under the liquid in the heat it passes into a sparingly
soluble form

;
on being heated, the dried substance suddenly becomes

incandescent, the anhydride being formed
;

the latter is not soluble

in dilute acids, and can be brought into solution only by long heating
with concentrated sulphuric acid.

The normal zirconium salts are derived from the quadrivalent
zirconion Zr""

;
of these the sulphate Zr(S04)2

is the best known.

It is obtained as a readily soluble, crystalline mass containing 4H20,

which on being heated loses water and swells up like alum. The hot

solution of the sulphate dissolves a further quantity of the hydroxide
and forms basic salts

;
acid Salts are also known.

The naturally occurring mineral zircon is the normal silicate,

ZrSi0
4

. The red-coloured varieties are called jacinth, and are used as

gems.
On heating a mixture of zirconium dioxide and charcoal in a curient

of chlorine, zirconium tetrachloride, ZrCl4,
is formed as a white, fairly

readily volatile mass.

The corresponding zirconium tetrafluoride is a white, much more

difficultly volatile substance, which forms hydrozirconfluoric acid,

H2ZrF6 ,
with hydrofluoric acid

;
the salts of the latter are sparingly

soluble, and mostly crystallise well. Besides the salts of this type,
others have been prepared which can be regarded as double salts with

the alkali fluorides.

A zirconium sulphide cannot be prepared in the wet way ;
it can

be obtained from the elements by heating.
776. Thorium. This element forms the last member of the tin

group, and has, at the same time, one of the highest combining weights.
It was discovered by Berzelius in 1828 after he had previously, and

erroneously, regarded yttrium phosphate as a new earth, and had called

it thoria. Its combining weight is Th = 2324.

Like zirconium, thorium occurs chiefly as the silicate, thorite, and

also as a constituent of various rare minerals. While for a long time

it was regarded merely as a chemical rarity, it has attained in recent

times to a position of great technical importance, since the luminous

mass of the incandescent light, the incandescent
"
mantle," consists

essentially of thoria.

Metallic thorium is obtained from potassium thoriofluoride by re-

duction with potassium. It is a grey powder with a metallic lustre,

which has hitherto never been fused, and which burns in oxygen at

moderately high temperatures with a brilliant light.

The salts of thorium are derived from quadrivalent thorion, Th"".

The hydroxide, although no strong base, still exhibits the basic properties

developed to a higher degree than in the case of the allied substances

of lower combining weight. It is precipitated from its salts by ammonia
or alkalis, and is not soluble in excess of the precipitant. Similarly
to the other dioxides of this group it occurs in several forms possessing
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different degrees of stability ;
while the freshly prepared, white,

gelatinous hydroxide readily dissolves in acids, a sparingly soluble

modification is formed on heating. On ignition, the hydroxide passes
into the dioxide, Th02 ,

which is a white, light powder. This oxide is

not soluble in acids except in hot, concentrated sulphuric acid. The
oxide obtained by heating the oxalate, on being evaporated with nitric

acid or hydrochloric acid, gives a residue which does not dissolve in

dilute acid but is soluble in water
;
the solution is of a colloidal char-

acter. This behaviour recalls that of stannic acid (p. 756).
Of the salts, the sulphate and the nitrate are the best known.

Thorium sulphate, Th(S04 )2 , crystallises, according to the temperature,
with varying amounts of water. These different forms change com-

paratively slowly into one another, so that it is easy to prepare solu-

tions of one of these forms which are greatly supersaturated for the

other forms. To this is due a peculiar behaviour of the sulphate,
which is made use of for the purification of the thorium compounds.
The anhydrous sulphate, prepared by heating, is dissolved in ice-cold

water. A solution is thus produced which is saturated in respect of

the anhydrous salt, but greatly supersaturated in respect of a hydrated
salt with 4H

20. Since, also, the solubility of this latter salt decreases

greatly with rising temperature, a solution prepared in the cold with

the anhydrous salt will become, on heating, more and more super-
saturated in respect of the salt with 4H20, and the spontaneous separa-
tion of this hydrate therefore soon occurs. On heating the salt which

is deposited until it has lost its water of crystallisation, it again becomes

readily soluble in cold water, and behaves as above described.

Thorium nitrate, Th(N03)4 . 6H20, is a very readily soluble salt,

which is obtained by dissolving freshly precipitated thoria in nitric

acid. It is used for the preparation of incandescent mantles, a cotton

web being moistened with this salt, dried, and heated. The fabric

burns and the thoria remains as a white, coherent frame-work. By
ignition in a Bunsen flame produced under pressure, whereby the

material appreciably contracts, the mantles are made ready for use.

The mantles are rendered luminous by being strongly heated in a

specially constructed Bunsen flame. It is a remarkable fact that pure
thoria only gives a poorly luminous mantle

;
in order that it may

become powerfully luminous small quantities of certain other substances

must be added. For this purpose the addition of 1 per cent of cerium

oxide (p. 591) has been found to be best. The cause of this influence

has not yet been established quite free from doubt, but the most probable
view is that the addition effects a catalytic acceleration of the com-

bustion of the mixture of coal-gas and air in direct contact with the

skeleton of thoria. Besides this, the optical properties of thoria appear
to be of importance.

The tendency to the formation of complex fluorine salts (cf. p. 758)

is greatly diminished in the case of thorium ;
thorium fluoride is a
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precipitate which does not dissolve in excess of hydrofluoric acid, and
does not therefore exhibit the formation of a hydrothoriofluoric acid.

A potassium thoriofmoride, K2
ThF

6 . 4-H
20, however, is known as an

almost insoluble crystalline powder.
A very remarkable property of the thorium compounds is, that

influences are emitted by them which penetrate through solid sub-

stances and are characterised by their action on the photographic

plate as well as by the change in the electrical properties of the air.

We shall enter into these points in greater detail when we come to

discuss uranium, which exhibits this
"
radio-activity

"
in a much

higher degree.



CHAPTER XLV

URANIUM, TUNGSTEN, AND MOLYBDENUM

777. General. These three elements resemble chromium in many of

their properties, so that they might have been treated in connection
with it. On account, however, of their forming thio-acids they belong
so undoubtedly to the present class of metals (chromium forms no

sulphur compound at all in aqueous solution), that it appears appro-

priate to separate them from chromium.
The elements uranium, tungsten, and molybdenum are characterised

by the fact that their most stable oxygen compounds have the com-

position M03 ,
and are the anhydrides of acids. In accordance with

the general rule, the acid properties are least pronounced in the case

of the element with the highest combining weight, and become more

pronounced as the combining weight decreases.

All three belong to the less frequent elements, although they cannot

be characterised as rare. They are difficultly fusible metals, which

keep well in the air, but which have found no application in the pure
state.

Of all the known elements, uranium has the highest combining

weight, viz. U = 238-5.

778. Uranium. Uranium was discovered by Klaproth. In the

case of metallic uranium the same thing happened as in the case of

vanadium, viz. the copper-brown coloured dioxide, which is readily
formed by the reduction of the higher oxygen compounds, was mis-

taken for the metal. The true uranium was subsequently obtained by
the action of sodium on the chlorine compound ;

it is a white, difficultly

fusible metal, which dissolves fairly readily in dilute acids, and in the

potential series stands near cadmium.

Uranium forms a whole series of stages of combination in which

it is tervalent to octavalent. The better known and more important

compounds are those of the sexavalent and those of the quadrivalent

type.

By oxidation of the naturally occurring compounds of uranium,

salts of uranyl, i.e. of the bivalent cation U02", are obtained. The

765
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normal hydroxide of sexavalent uranium, U(OH)6 ,
has both acid and

basic properties. The latter are not sufficiently strongly developed
for all the six hydroxyls to be replaceable by acid residues

; two, how-

ever, can be replaced. In the salts, therefore, there exists the bivalent

cation U(OH)4", or its anhydride U02 , uranyl, which forms salts like

any other bivalent cation.

This occurrence of an
"
oxygenated metal

"
has been regarded

as something remarkable and extraordinary, but it is readily intelligible

when regarded from the point of view that, in multivalent acids and

bases, the replacement of hydrion or hydroxidion becomes more difficult

the further the replacement proceeds. Just as in aqueous solution

phosphoric acid behaves chiefly as a dibasic acid and forms salts of the

anion P04H", since those of the anion P04
'"

suffer too great hydrolysis
to be present in any considerable quantity, so the hydrolysis of the

uranium salts corresponding to the higher cations U(OH)3'", U(OH)2"",

etc., is too great for these salts to be present in appreciable amount.

For even the second cation, U(OH)4", is so greatly hydrolysed that its

salts have a distinct acid reaction.

Diuranylion, U02", is of a bright-yellow colour with green fluor-

escence, and in the spectroscope exhibits a number of definite absorp-
tion bands. Of the salts, the nitrate U0

2(N03)2 . 6H2 is the best

known
;

it forms yellow crystals with green fluorescence, which are

readily soluble in water and serve as the starting-point in the prepara-
tion of other uranuim compounds.

From the nitrate, soluble bases precipitate a yellow substance

which consists essentially of uranyl hydroxide, U02(OH)2 or U(OH)6 ,

but also always contains a quantity of the base in the form of a uranate

or salt of uranic acid (vide infra). By evaporating a solution of uranyl
nitrate in alcohol (in which the alcohol serves to destroy the nitranion)
a yellow powder of the composition U02(OH)2 ,

free from alkali, is

obtained. With other methods of preparation the composition is

U(OH)6 . This uranyl hydroxide dissolves in acids and forms the

corresponding, often complex, uranyl salts.

Uranyl has a pronounced tendency to form complex compounds ;

these are formed with almost all organic acids. Of these the oxalate,

which is very sensitive to light, and in sunlight evolves gas copiously,
is of interest. In this process we do not have an oxidation of the

oxalic acid with reduction of the uranyl, but the escaping gas is a mixture

of carbon monoxide and carbon dioxide, and a precipitate of uranyl

hydroxide is formed at the same time. The oxalic acid therefore

undergoes the same decomposition as by heating with elimination

of water (p. 440), and the uranium acts catalytically. The uranyl
salts of other organic acids exhibit similar decomposition in the light.

With phosphoric acid uranyl forms a phosphate, U02HP04 ,
in-

soluble in acetic acid, or, in the presence of ammonium salts, the com-

pound U02(NH4)P04 . This precipitation is used for the volumetric
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estimation of phosphoric acid
;

for this purpose, ammonium acetate

and acetic acid are added to the liquid containing phosphoric acid,
and uranyl nitrate solution of known titre is then run in until a drop
of the solution gives a red coloration with potassium ferrocyanide.
The coloration is due to uranyl ferrocyanide, which is of an intense

brown-red colour, and is insoluble in dilute acids.

Uranyl hydroxide can also act as an acid, and forms salts of the

type of chromic and dichromic acids. The former are obtained as

yellow-red, crystalline masses, not appreciably soluble in water, but
soluble in acids, by igniting uranium compounds with alkali salts in

the air. The latter are precipitated from the solutions of the uranyl
salts by the addition of excess of alkali. The precipitates are not

soluble in excess of the precipitant. Of these compounds, the sodium

salt, Na2U2 7
. 6H20, can be obtained commercially under the name

uranium yellow, and is used for colouring glass.

Uranium glass is of a bright-yellow colour and exhibits a brilliant

green fluorescence
;

it is therefore employed for the manufacture of

wine-glasses and such articles.

By means of reducing agents, e.g. zinc in acid solution, the uranyl
salts are converted into the salts of the quadrivalent uranous series.

The solutions thereby become of a fine green colour, which is the

colour of tetrauranion, U"". The best known of these salts is the

sulphate, which is obtained in dark-green hydrated crystals, U(S04)2 .

4H
20, by exposing a mixture of uranyl sulphate with sulphuric acid

and alcohol to sunlight ;
the alcohol effects the reduction of the uranyl

to the uranous compound. The salt is isomorphous with thorium

sulphate (p. 763).

From the solutions, alkalis give a bright-green precipitate of uranous

hydroxide, U(OH)4 ,
which absorbs oxygen from the air, thereby becom-

ing first brown and then yellow. The anhydride, uranium dioxide, is

obtained by igniting uranium compounds in a current of hydrogen ;

at higher temperatures it forms a copper-red mass with a metallic lustre

(p. 765).

The naturally occurring pitchblende consists essentially of uranous

uranate, i.e. the uranate of quadrivalent uranium, U(U04 )2 , equal to

U3 8
. It is a black mineral which is the source from which the other

uranium compounds are manufactured. This compound is also formed

when any oxide of uranium is heated in the air.

779. Chlorides of Uranium. As in the case of vanadium, no

chloride is known corresponding to the highest stage of combination,

but only a pentachloride, which is obtained along with the tetrachloride

by igniting uranium oxide with charcoal in a current of chlorine. The

two can be separated by means of their different volatility, the com-

pound containing most chlorine being in this case, as always, the more

volatile. Uranium pentachloride, UC15 ,
is a brown, crystalline substance,

which is extremely soluble in water, and readily decomposes into free
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chlorine and tetrachloride. The latter forms dark-green crystals, which

dissolve in water to form a dark-green solution
; regarding, the latter,

it has been stated that it is not of itself oxidised by the atmospheric

oxygen, but is so in presence of iron salts. This is apparently another

case of catalytic acceleration.

From the tetrachloride, a trichloride, UC13 ,
can be obtained by

reduction with hydrogen ;
this is a brown-red mass which readily

dissolves in water, but with the latter forthwith evolves hydrogen
and passes into a basic chloride of quadrivalent uranium. The
fresh solution gives with caustic potash a brown precipitate of

uranium trihydroxide, which also very quickly oxidises with evolution

of hydrogen.
780. Sulphur Compounds. Ammonium sulphide deposits a

brown precipitate from uranyl salts
;
the precipitate is uranyl sulphide,

U02S, which is, however, partially decomposed. For from the sulphur

compound even water splits off sulphuretted hydrogen, which partially
reduces the uranic oxide formed, and is converted into sulphur.

781. Uranium Rays. In the case of uranium a property was first

observed which consists in the following. If any uranium compound
is placed on a photographic plate covered with black paper, the plate

undergoes a change as if light had acted on it, i.e. it can be developed

(p. 710). This action takes place also through thin plates of mica or

of glass, but not through thick metal plates.

A further influence emitted by these substances, is that they make
the air and other gases electrically conducting. In a space, the air of

which has been exposed to this action, an otherwise well insulated

electrometer loses its charge.

Finally, certain phosphorescent substances, more especially barium

platinocyanide (p. 785), are rendered luminous by this action
;
but this

effect becomes visible only with fairly high degrees of activity, attained

only in a few cases.

Since all these influences proceed from the substance under conditions

which preclude the emission of ordinary material constituents (vapours
or the like), they have been called a radiation. One speaks, therefore,

of the uranium rays. This designation, however, gives only a partial

expression of the matter, since many important properties of radiation

phenomena are wanting.
As similar phenomena are met with in the case of other substances,

and as their investigation has led to exceedingly important results,

a review of the radio-active substances and their relationships, will

be given in the concluding chapter of this work.

782. Tungsten. This element was discovered in 1781 by Scheele.

Metallic tungsten can be obtained by the reduction of its oxide in a

current of hydrogen or with charcoal
;

it is a grey, very difficultly

fusible, hard metal, the density of which is 17-0. On account of these

two properties it would be very suitable for cannon balls if its difficult
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fusibility did not act as a hindrance to its manipulation. It finds

technical application as an addition to steel (tungsten steel).

The combining weight is W = 184-0.

Tungsten forms many compounds in which it appears as bivalent

to sexavalent. The lower stages have basic properties ;
the highest

oxygen compound is a pronounced acid anhydride. Of all the stages,
it is the most stable.

Tungsten trioxide, W03 ,
the anhydride of tungstic acid, is obtained

as a yellow powder by the action of acids on its salts, some of which
occur naturally ;

it is very slightly soluble in water, but readily dis-

solves in alkalis. According to the temperature of precipitation, there

is obtained the anhydride (in the heat) or the hydroxides WO(OH)4

and W0
2(OH)2

.

By dissolving the oxide or hydroxide in the calculated amount of

caustic potash or caustic soda solution, and evaporating to the point
of crystallisation, the normal tungstates K

2W04 and Na
2W04 are

obtained in hydrated crystals. These pass, however, with extreme

ease into salts of more complex composition, the tungstic acid forming
condensed acids, which partly crystallise out with the normal tungstates
as double salts.

Normal tungstates occur in nature, and constitute the ores of

tungsten. The ferrous compound, FeW04 (which generally contains

manganese), is called wolfram ;
the calcium compound, CaW04 , scheelite;

the lead salt, scheeletine.

On boiling a solution of an alkali tungstate with excess of trioxide,

large quantities of the latter are dissolved, and the metatungstates,

M
2W4 13 ,

are formed in which a very stable condensed tungstanion,
W4 13", is present, the reactions of which differ entirely from those

of normal tungstanion, W04". For example, the dissolved salts are

not precipitated by acids. By the action of sulphuric acid on the

sparingly soluble barium salt, a solution of metatungstic acid can be

obtained, from which the latter can be obtained in yellow, extremely
soluble crystals, by evaporation.

Different from metatungstic acid, there is the so-called colloidal

tungstic acid, which is obtained by dialysing a solution of a normal

tungstate slightly acidified .with hydrochloric acid. The liquid dries

up to a gummy mass, which redissolves in water, forming a sticky

liquid ;
it does not taste acid, and is not precipitated from solution by

salts or other substances, as happens in the case of colloids. The solu-

tion also exhibits an appreciable depression of the freezing point which

leads to the (doubtful) formula H2
W3 10 .

*

Besides the above, other differences have also been observed in the

case of tungstic acid, depending on the
very ready and often-occurring

formation of complex acids with other acids. The compounds with

silicic acid have been most thoroughly investigated ;
similar compounds

with phosphoric, arsenic, vanadic, iodic, boric, and other acids also

3D
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exist. The composition is that of the above acids plus a definite,

generally a larger number of combining weights of W03 ;
in the process,

the basicity of the other acids generally remains unchanged, but the

complex acids produced are mostly considerably stronger than the

mother substances. A description of the different compounds would

take us too far.

On treating tungstates with zinc in acid solution, the liquid becomes

dark blue, and on further reduction brown. It then contains the

quadrivalent ion W"". From this, tungstanion is again readily formed

by means of oxidising agents.

Very varied compounds of the general formula Nam(W03)n are

obtained by weak reduction of sodium tungstate (by fusion with tin) ;

these have all a fine metallic lustre, have different colour according to

the amount of tungsten they contain, conduct electricity like a metal,

and are extremely resistant to the action of water, acids, and bases.

They find an application as
"
tungsten bronze."

783. Chlorides of Tungsten. On heating metallic tungsten in a

current of chlorine, with careful exclusion of oxygen, the hexachloride,

WC16 ,
is obtained in black-violet crystals, which melt at 275 and boil

at 346. The vapour contains a little free chlorine, so that on repeated
distillation chlorine escapes, and the lower stage, tungsten pentachloride,

WC15 ,
is formed in black-green crystalline needles, which melt at 248

and boil at 276. This substance also readily splits off chlorine, and

on distillation in a current of an indifferent gas leaves a residue of

tungsten tetrachloride, WC14 ,
as a non-volatile, grey-brown mass.

By the action of reducing agents, e.g. of hydrogen, this compound
finally passes into the dichloride, WC12 ,

which has a similar

appearance.
Besides these compounds, the oxychlorides, viz. WOC14 and W02

C12 ,

are very readily formed in the presence of oxygen or water. The
first compound forms long, dark-red needles, melting at 210 and

boiling at 228; the second, which is comparable with chromyl chloride,

appears in bright-yellow laminae, the melting point of which lies above

the temperature of sublimation (about 260). On distillation it readily

decomposes into the preceding compound and a residue of tungsten
trioxide. Both undergo violent decomposition with water, forming

tungstic acid and hydrogen chloride.

784. Sulphur Compounds. The acid-forming properties of

tungsten are exhibited also by its sulphur compounds, for it forms

thiotungstates in which the oxygen of the tungstates is gradually

replaced by sulphur.

By passing sulphuretted hydrogen into a solution of an alkali

tungstate, the corresponding thiotungstate, M2WS4 ,
is obtained only

when there is excess of alkali hydrosulphide. If no excess is present,
on dilution with water the sulphur in the thio-acid is gradually re-

placed by oxygen, sulphuretted hydrogen being evolved. Thiotung-
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stanion is yellow in colour
; by replacing the sulphur with oxygen, the

colour becomes correspondingly paler.

On adding acids to the thiotungstates, tungsten sulphide is pre-

cipitated, and sulphuretted hydrogen is evolved, thiotungstic acid,

which is primarily formed, decomposing as usual into these components.

Tungsten trisulphide is thus obtained as a brown, amorphous precipitate
which can pass into colloidal solution in water.

From tungsten and sulphur at a high temperature, a lower sulphide,
WS2 ,

is obtained in grey, graphite-like laminae, which are very stable.

785. Molybdenum. The chemical individuality of molybdenum,
like that of tungsten, was established by Scheele, although the metal

was not obtained till later.

Molybdenum resembles the related elements in respect of the

variety of its compounds, for its valency varies from two to six. In

this case also, the compounds of the sexavalent type axe the most

stable.

The combining weight of molybdenum is 96-0.

Metallic molybdenum is obtained as a white, very difficultly fusible

metal which, like iron, becomes more readily fusible and very hard

through absorption of carbon. It is not attacked by dilute acids and

is oxidised by nitric acid. In the potential series, it appears to stand

in the neighbourhood of lead.

786. Molybdenum Trioxide, the anhydride of molybdic acid, is

obtained in the crude state by roasting the naturally occurring molyb-
denum sulphide, and is purified by dissolving in ammonia and repeated

roasting. It is a white substance which becomes yellow on heating ;

at a red heat it melts and volatilises. It is readily reduced to the

metal by means of hydrogen and charcoal.

Molybdenum trioxide is the anhydride of a series of acids which

are formed from it and the elements of water in varying proportions.

Whereas in the case of tungstic acid the metatungstic acid at least was

found to be well characterised and stable, no similar compound is

known in the present case, but the different polymolybdic acids appear
to pass quickly and readily into one another. Compounds of tri-

molybdic acid, H2
Mo3Oi ,

are the most frequent.

The power of forming complex acids is here developed to a par-

ticularly high degree, and molybdenum trioxide appears to unite with

practically all other acids to form such compounds. For while pure

molybdenum trioxide, or its hydrate, is only sparingly soluble in water,

it passes abundantly into solution in free acids ;
salts of molybdic acid

therefore give no precipitate of molybdic acid on adding excess of

another acid.

Of these complex compounds the phosphomolybdic acid H3P04 .

10Mo03 is the best known. Besides the compound with 10Mo03

there are also compounds with perfectly similar properties containing

HMo03 and 12Mo03 .
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The very sparingly soluble ammonium salt of these acids is obtained

by warming an acid solution of ammonium molybdate with a liquid

containing phosphoric acid. The liquid first becomes yellow and then

deposits a yellow powder, which i's the above ammonium salt. As is

frequently the case in the formation of complex compounds, the re-

action does not take place instantaneously, but requires a moderately

long time for its completion.
Since the reaction occurs in acid solution, and since a very large

quantity of precipitate is obtained for a small quantity of phosphoric

acid, the reaction is employed for the detection of phosphoric acid in

analysis. Care must be taken that the molybdic acid is present in

excess, as otherwise, soluble compounds can be formed.

From the ammonium salt the free phosphomolybdic acid can be

obtained by warming with aqua regia, whereby the ammonia is destroyed
with evolution of nitrogen. The solution on concentration yields

fine crystals of the free acid. It can also be obtained by warming

phosphoric acid and molybdic acid in the requisite proportions. Pyro-
and meta-phosphoric acids do not give these compounds. This free

acid is yellow, very readily soluble in water, and yields precipitates
with

"
alkaloids

"
(organic compounds, basic derivatives of ammonia

which occur in plants and have mostly a powerful physiological action) ;

it serves therefore as a reagent for these.

787. Lower Oxygen Compounds. If zinc is introduced into the

acid solution of molybdic acid, the liquid first becomes blue, and on

further reduction passes through various colours into brown. The

solution then contains a salt of the tervalent molybdenion Mo'". By
very powerful reduction one can descend still lower

;
the resulting

solution, however, oxidises with extreme readiness.

From molybdenum trioxide, the corresponding sesquioxide, Mo2 3 ,

is obtained as a black powder by reduction with hydrogen at a red

heat. If the temperature is only moderately high, the dioxide Mo02

is formed as a crystalline, violet, or copper-coloured mass. Between

this' and the trioxide are the readily formed blue compounds, the com-

position of which varies and cannot be characterised with sufficient

sharpness.
788. Chlorine Compounds of Molybdenum. A chloride corre-

sponding to molybdenum trioxide is not known
;
the highest chlorine

stage is a pentachloride, MoCl5 . This is obtained by gently warming
metallic molybdenum in a current of chlorine

;
it is a dark-red vapour,

which condenses to a liquid, boiling at 268 and solidifying at 194 to

dark-green crystals. The chloride reacts violently with water and

yields a blue liquid which deposits a brown precipitate of molybdenum
tetrahydroxide on addition of alkalis, while a molybdate remains in

solution.

When the pentachloride is carefully heated in a current of hydrogen,
it passes into molybdenum trichloride, which is very similar in appear-
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ance to red phosphorus. On being more strongly heated, this decom-

poses into difficultly volatile dichloride, which remains behind, and

tetrachloride, which volatilises. The former is a yellow, non-crystalline

mass, the latter a brown powder. All the chlorides react energetically

and undergo double decomposition with water.

Besides the chlorides, there are also a number of oxychlorides,

some of which are very readily formed. The compound Mo02Cl2 is

yellow-white in colour, and is obtained by heating a mixture of molyb-
denum trioxide and charcoal in a current of chlorine. Besides it

there are also formed the violet compound Mo2 3016 ,
and the green

MoOCl4 ,
which become more volatile as the amount of chlorine in-

creases
;
the compound last mentioned volatilises even under 100.

Molybdenum trioxide volatilises very readily at 150 -200 in a

current of chlorine ; this is due to the formation of a compound :

H2Mo03Cl2
= Mo03 + 2HCl. Salts of molybdic acid are also decom-

posed, the molybdic acid escaping and a chloride of the particular metal

remaining behind.

789. Sulphur Compounds. In nature the compound MoS2

occurs as molybdenum glance. It is a grey-black substance, similar to

graphite, and is the source from which the other molybdenum com-

pounds are obtained.

On passing sulphuretted hydrogen into the solutions of the alkali

molybdates, the liquid becomes intense red-brown in colour and con-

tains a corresponding thiomolybdate. A similar variety to that shown

by the salts of molybdic acid is found also in the case of the salts of

thiomolybdic acid, with respect to the relation between acid and base,

so that the description of the different compounds would lead too far.

On adding an acid to the solutions, a precipitate of molybdenum tri-

sulphide is formed with evolution of sulphuretted hydrogen ;
it is a

red-brown substance, which gives a colloidal suspension with pure

water.



CHAPTER XLVI

GOLD AND THE PLATINUM METALS

790. General. The metals which have to be treated in this chapter
constitute, along with silver, the group of the noble metals. By this

designation there is understood metals which do not unite with the

oxygen of the air either at high or low temperatures, and which can

be converted only with difficulty into compounds by means of chemical

reactions. In other words, they are metallic elements which in the

elementary state contain much less free energy than their compounds.
Such a statement cannot of course be made quite general, since it

depends on the nature of the compounds what difference of energy
exists between their free energy and that of their components. Thus,
in fact, we see that towards certain reagents the noble metals behave
as base, i.e. pass spontaneously into compounds. The reagents which
have this action on the noble metals are chiefly those by which the

metals are converted into complex compounds.
Of the elements grouped together in this chapter, gold occupies a

rather solitary position, while the six platinum metals form a well-

arranged group of three pairs. This is seen from the following table,

in which the neighbouring elements are especially similar to each

other. The chemical similarity follows the values of the combining
weights :

Palladium . . 106'7 Platinum . . 195-2
Rhodium . . 102'9 Iridium . . 193'1
Ruthenium . . 101 7 Osmium . . 190'9

791. Gold. The element gold occurs in nature almost entirely
in the metallic state

; in spite of its rarity it may, by reason of its

remarkable properties, be regarded as that element which has been

longest known and which was earliest used.

Gold is a lustrous, yellow metal, whose density is 19-3, and which
melts at 1064. In the air, it remains unchanged at all temperatures ;

moisture also has no influence on its lustre. By reason of its un-

alterabilty it has been used from olden times as a standard of value

774
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and for enabling this standard to be preserved. At the present day it

has been adopted by most countries as the basis of their coinage.
Gold is not attacked by dilute or concentrated acids, so that it

remains as a residue (as a brown powder) when auriferous metal is

treated with nitric acid or with concentrated sulphuric acid, which has

a similar action. On the other hand, it dissolves fairly readily in

chlorine water and in other liquids which give off free chlorine. A
mixture of nitric and hydrochloric acids has the latter property (p. 362)
and is used under the name of

"
aqua regia

"
(since it dissolves the king

of the metals) for the preparation of gold compounds.
Of the mechanical properties of gold its malleability is the chief

;

this allows of the metal being rolled or beaten out to extremely thin

leaves. These leaves transmit green light. Still thinner films of gold
are obtained by chemical precipitation from solution. Finely divided

gold, such as is obtained by reduction on the skin when this is moistened

with gold solution, appears red-violet. This property is made use of

in photography for the purpose of imparting the well- known brown-

violet
"
photographic tint

"
to the brown positives, consisting of finely

divided silver (p. 708). For this purpose the pictures are treated with

a very dilute, neutral or alkaline solution of gold, whereby the gold is

precipitated by the metallic silver of the picture, while the silver passes
into the corresponding compound.

Gold which is precipitated from solution in a very finely divided

condition, generally appears blue by transmitted light, while the

incident light is dispersed with a brown colour. If, however, pre-

cipitation takes place in a very diluted condition, purple-red solutions

of colloidal gold are obtained ;
these are precipitated by salts and

exhibit the general properties of colloidal solutions.

The simplest means of obtaining such solutions consists in allowing

an electric arc to pass between electrodes of gold under water to which

a trace of alkali has been added.

In fused glass also, gold dissolves in a colloidal condition and yields

the fine red-coloured gold-ruby glass. Finally, a solid solution of colloidal

gold in stannic acid, obtained by the precipitation of gold solutions

with stannous chloride, has long been known by the name of purple of

Cassius, and is employed in porcelain painting.

The combining weight of gold is Au = 197-2.

792. Gold Compounds. Regarding the ions formed by gold

there is as yet no sufficient knowledge. It is known that gold acts

both as a uni- and as a tervalent element ;
in the solutions also of

the tervalent compounds, tervalent triaurion, Au'", can be assumed (the

univalent gold compounds are not appreciably soluble in water) ;
it

is, however, unknown in what proportion these solutions contain the

ion Au'" along with other complex ions, such as gold forms with ease

and in considerable numbers.

The best-known gold compound is gold chloride, which is formed on
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dissolving gold in aqua regia. A yellow solution is produced from

which hydroaurichloric acid, HAuCl4 ,
can be obtained in yellow, readily

soluble crystals, by careful evaporation. On heating somewhat more

strongly, hydrogen chloride escapes and gold trichloride, AuCl3 ,
remains

behind as a brown, crystalline mass which is also readily soluble. Its

aqueous solution has an acid reaction and contains the gold in the form

of a complex anion of the composition AuOCl3", for the trichloride

unites with the solvent water to form the compound H2AuOCl3 ,
which

partially dissociates into its ions. By no means all the gold chloride,

however, appears to undergo this transformation.

The hydroaurichloric acid, HAuCl4 ,
is much better characterised.

A large number of well-crystallised salts of the anion AuCl4
'

are known,
which, however, are generally designated as

"
gold chloride double

salts." They are obtained by the action of the solution of hydrochloro-
auric acid on any salts of the particular base, best on the chlorides

;

they are often used for the characterisation of organic bases.

Of the salts of aurichloridion, AuCl4', the potassium salt has to be

mentioned which, according to the conditions of crystallisation, crystal-
lises with varying amounts of water (over sulphuric acid in anhydrous

crystals) ;
also the sodium salt NaAuCl4 . 2H

20, which is employed as
"
gold salt

"
in photography (p. 775).

Strong bases decompose both the trichloride and the hydroauri-
chloric acid, and a yellow-brown precipitate of (impure) auric hydroxide,

Au(OH)3 ,
is formed ;

this is soluble in excess of the base, since the

hydroxide has weak acid properties. The potassium aurate, KAu02 ,

which is formed under these conditions has also been obtained in the

solid state as a bright-coloured salt, from which metallic gold is very

readily precipitated (e.g. by dust).

By precipitating gold chloride with baryta, sparingly soluble barium

aurate is obtained which leaves a residue of fairly pure gold hydroxide
on being treated with dilute nitric acid. This hydroxide does not

dissolve in dilute acids but does so in concentrated nitric acid, with

which it forms an aurinitric acid similar to hydroaurichloric acid.

Gold trihydroxide must therefore be regarded as an essentially acid

hydroxide.
From solutions of gold, reducing agents of all kinds, e.g. ferrous

salts, sulphurous acid, oxalic acid, etc., precipitate metallic gold, which,

according to the conditions of experiment, appears as a yellow pre-

cipitate of metallic lustre or as a brown powder. The commencement
of the separation is always signalised by the solution assuming a blue

coloration by transmitted light.

793. Aurous Chloride. By carefully heating gold chloride

to 180, the compound AuCl is obtained according to the equation :

AuCl3
= AuCl + C12 . It is a yellow-white powder, which does not

dissolve in water but decomposes according to the equation, SAuCl =
AuCl3 + 2Au, into gold trichloride, which dissolves, and metallic gold,
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which remains behind. Aurous chloride forms with the alkali chlorides

complex salts, which can be derived from an aurochloridion, AuCl2'.

They are obtained by carefully heating the corresponding auric com-

pounds ;
on solution in water, however, these salts undergo the same

decomposition as aurous chloride.

794. Sulphur Compounds. On account of the reducing action of

sulphuretted hydrogen, the sulphur compounds of the aurous series are

more stable and more easily prepared than those of the auric series.

4
Aurous sulphide, Au2S, is obtained (mixed with sulphur) by passing

sulphuretted hydrogen into a boiling solution of gold chloride. It is

a dark precipitate which yields a brown col!6idal solution with pure
water. The solution does not exhibit the reactions of a sulphide, and
therefore contains only a negligible amount of iron.

Aurous sulphide unites with alkali sulphides to form thio-salts

of the formula MAuS, which are soluble in water but are quickly decom-

posed in the air owing to oxidation. By fusion with alkali sulphides,

therefore, gold is rendered soluble owing to the formation of the

above compounds. They are immediately decomposed by acids.

On treating a solution of gold chloride in the cold with sulphuretted

hydrogen, a more highly sulphuretted compound of gold, having

approximately the composition AuS or AugSg, is precipitated. It

is a black amorphous mass which decomposes into gold and sulphur on

being heated, is insoluble in acids, and can be brought into colloidal

solution by treating with potassium cyanide and then with pure water.

This precipitate dissolves in yellow but not in colourless ammonium

sulphide, with formation of ammonium thioaurate, NH4AuS2 .

795. Complex Gold Compounds. As is evident from the descrip-
tion of the more simple gold compounds, the saline derivatives of

gold are chiefly of a complex character, i.e. the gold is not present
in them as an elementary ion. Besides these there also exist a large

number of other complex gold compounds ;
such compounds are

formed with especial readiness with cyanogen and sulphur.
The gold compounds are for the most part readily soluble in

potassium cyanide, and give rise chiefly to two series of salts, the aurous

and the auric cyanides. The former are derived from aurocyanidion,

Au(CN)2', which corresponds to argenticyanidion, and are formed by

dissolving aurous compounds in alkali cyanides. The compounds of

the second series are the salts of auricyanidion, Au(CN)4
/

,
and are

formed from auric compounds and cyanides ; they are the better

known and the more important of the two classes.

In neither case has the free acid been prepared, but a number

of salts are known. These are colourless ; they do not exhibit the

ordinary reactions of gold, and are, for example, not nearly so readily

reduced as these.

The potassium salt, KAu(CN)4 , crystallises with 1JH2 in colour-

less, readily soluble plates, and has a technical importance in two
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different directions. On the one hand, it is used for the electro-gilding

of other metals. For this purpose it has the same advantages as

are possessed by potassium argenticyanide for silvering (p. 713). As
a rule, it is not first prepared specially, but potassium cyanide is electro-

lysed between gold electrodes until a sufficient amount of the substance

has been formed in the bath. Its formation takes place at the anode

where cyanogen is liberated from the potassium cyanide ;
the former

immediately yields gold cyanide with the gold, which then dissolves

in the excess of potassium cyanide with formation of potassium auri-

cyanide. At the same time, hydrogen is liberated and caustic potash
is formed at the cathode

;
the latter must be removed by addition

of acid.

Another application depends on the fact that metallic gold dis-

solves in a dilute solution of potassium cyanide, with co-operation of the

atmospheric oxygen, to form potassium auricyanide, according to the

equation : 2Au + 8KCN + 202 + 4H2
= 2KAu(CN)4 + 6KOH + H2 2 .

As can be seen from the equation, caustic potash and hydrogen peroxide
are formed besides the gold salt. It has already been mentioned that

the formation o.f the peroxide in oxidations by means of free oxygen
is a frequent phenomenon (p. 185). The above reaction is made use

of on the large scale for the extraction of gold in those cases where it

occurs so finely divided that washing or amalgamation cannot be

successfully employed (vide infra). South African gold, more especially,
is obtained in this way. The gold is again separated by electrolysis

from the solutions (for which very dilute potassium cyanide must be

employed).
Gold therefore behaves as a base metal towards the solution of

potassium cyanide, for it dissolves in it under the joint action of the

atmospheric oxygen, in much the same way as copper dissolves in

hydrochloric acid under the influence of the air. This is due to its

passing into a complex compound in which the concentration of

elementary aurion is extremely small. It has already been pointed
out that the smaller the concentration of the metal ion in the resulting

solution, the more does the metal behave as a base metal towards that

reagent (p. 714). This refers not only to the electrical behaviour,
for this is only an expression of the chemical properties, but to all

chemical processes.
These relations can be interpreted in the following general manner.

As has already been frequently emphasised, every possible substance

has a tendency to formation, and this is all the greater the smaller its

concentration at that point where it could be formed. Of a necessity,

therefore, under given conditions, traces of every possible substance

must be formed. The noble metals, now, are those for which im-

measurably small concentrations of their ions suffice to counteract

the tendency to further ion-formation. For this reason gold appears
insoluble in the ordinary acids. If, however, the conditions are such
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that even these minute amounts of ions disappear by being used up
in the formation of complex compounds, more gold must pass into

solution, and this must continue until the concentration of aurion

necessary for equilibrium has been established in the solution. A
noble metal, therefore, will appear as base only in those solutions with

the components of which it forms complexes, and it will appear all

the more base the more stable these complexes are in respect of the

metal ion, or the less the amount of metal ion split off by the complex
at a given, absolute concentration. This view has been universally
confirmed by experience.

We find here the explanation of the solubility of gold in aqua
regia, although gold is not (or rather, is only slightly) soluble in nitric

acid. The hydroaurichloric acid which is formed is a comparatively
stable complex compound in whose solution the concentration of

aurion is only very small, while the solution in nitric acid contains

more gold and is less stable. Aqua regia, therefore, dissolves gold not

because it is a stronger oxidising agent than nitric acid, but because

gold is a less noble metal with respect to aqua regia than with respect
to nitric acid. It is still less noble towards potassium cyanide solution

and free oxygen, which are in themselves no very effective oxidising

agents.

Gold also forms complex compounds with substances containing

sulphur. The simple thio-acids of gold have already been mentioned
;

we have still to mention the complex compound which gold forms

with the thiosulphates. By the action of a solution of sodium thio-

sulphate on neutral gold chloride, a salt of the composition
Na3Au(S2 3 )3 is obtained ;

it can be precipitated from the solution

by the addition of alcohol, has a sweet taste, and does not exhibit the

reactions of the ordinary solutions of gold salts. The corresponding

aurithiosulphuric acid, H3Au(S2 3)3 ,
can also be prepared by decom-

posing the barium salt (obtained in a similar manner to the potassium

salt).

These compounds play a role in the
"
toning

"
of positive silver

pictures in photography, as they are contained in the combined toning

and fixing solutions.

796. Metallurgy of Gold. Since by far the largest amount of

gold occurs in the metallic state, the metallurgy of gold was for long

a mechanical and not a chemical operation. The auriferous sand was

treated with running water which carried away the light sand but

left the heavy grains of gold behind. If the gold was not contained

in sand but in the solid rock (e.g. in quartz), this operation had to

be preceded by a mechanical disintegration of the rock, unless it was

preferred to fuse the whole stone, with suitable additions, whereby
the gold, being the densest component, sank to the bottom.

Gold, however, frequently occurs in such a fine state of division

that it is carried away in the process of washing. In these cases it can
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be extracted with mercury, in which it is readily soluble ; the mercury
is recovered by distillation.

Still more finely divided gold is extracted with a very dilute solution

of potassium cyanide (p. 778).

Metallic gold is not employed in the pure state for coinage and
articles of jewellery, as it is too soft, but at most is used in the laboratory
for caustic alkali fusions, because it is more resistant to caustic potash
and soda in the heat than is platinum or silver. For ordinary usage,

gold is alloyed with other metals, generally copper. The amount of

gold contained in the alloy for coinage is regulated by Government :

British gold coinage contains 91-66 per cent of gold.
797. Platinum. Of the six metals of the platinum group mentioned

above (p. 103) platinum itself is the most frequent and the most im-

portant. Like gold it occurs native and is obtained by washing.
Crude

"
platinum ore

"
contains all six metals in varying amounts,

and must be subjected to a rather complicated process of separation
in order that the components may be obtained in the pure state.

Platinum is a grey-white metal having a density 21-4, and melting
at 1770. It can be welded at a bright red heat, can be drawn to a

fine wire, and possesses great resistibility to chemical influences. It

is, more especially, not appreciably dissolved by pure acids ;
its dura-

bility under the action of boiling sulphuric acid has already been

mentioned (p. 314). It is dissolved by aqua regia, but also rather

slowly. It is also fairly stable to electrolytically liberated chlorine.

It is attacked, however, in cases where it can combine at a red heat

with phosphorus ; many a platinum crucible has been eaten through

by igniting phosphates along with carbon. Platinum is also attacked

by melting caustic potash or soda, while the alkali carbonates can be

fused without danger in platinum vessels. On being heated for a long
time in contact with carbon, the platinum absorbs some of it, and
becomes brittle. If mixes with readily reducible metals, and forms

easily fusible alloys ;
such metals, therefore, must not come into contact

with hot platinum vessels. It is indifferent towards hydrofluoric
acid.

These properties render platinum of great value both in the

laboratory and in the arts
; indeed, so much of the metal is used in

the latter, that its price has risen to several times its former value.

In the laboratory platinum is used for the most varied purposes,
in the form of crucibles, dishes, wire, and. foil, especially for exact

analysis. In the arts it was formerly chiefly used for concentration

retorts in the sulphuric acid manufacture. On account of the change
to the anhydride process now taking place in the sulphuric acid manu-
facture (p. 313), the platinum does not become free, for the new process
also requires platinum, although for other purposes. In commercial

electrolysis also, electrodes of platinum are often used.

A widely extended application of platinum is due to the fact that
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its coefficient of expansion is almost the same as that of glass.
Platinum wires are, therefore, employed for leading electric conductors

air-tight through glass. Whereas, formerly, use was made of this only
in scientific apparatus, large quantities of platinum are now used for

the conducting junctions in electrical incandescent lamps, the interior

of which must be exhausted. Further, much platinum is used in

electrotechnics for coating electrical contacts, since the platinum sur-

faces are not oxidised by the sparks which are there formed, and there-

fore retain their conductivity.
On account of its high melting point, platinum does not fuse in

ordinary flames, not even in the hottest part of the Bunsen flame. It

can be readily fused, however, in the oxyhydrogen flame (p. 145), and
this is used in the arts on a large scale for the purpose of fusing platinum
to a mass

;
the crucible material is made of burnt lime.

Since most of the platinum compounds decompose at a red heat,

leaving a residue of metallic platinum, the latter is in this way obtained

as an unfused, finely divided mass, known
as platinum sponge. In this form plati-

num exhibits very pronounced catalytic

properties, chiefly in the acceleration of

numerous gas reactions. Several ex-

amples of this have already been given ;

the most important, technically, is the

preparation of sulphur trioxide by means

of spongy platinum. It must, however,
be emphasised that such catalysts show

by no means a uniform behaviour in -

accelerating all slowly occurring re-

actions. On the contrary, so far as yet

known, the relationship between reaction

and catalyst is an individual one.

Spongy platinum was used by Dobereiner, the discoverer of the

above property, for the construction of the lamp named after him,

which was greatly used at the time of its discovery (1823), when matches

did not exist. It depends on the fact that a current of hydrogen gas,

when caused to strike on a piece of spongy platinum, unites under its

influence so quickly with the atmospheric oxygen that the metal becomes

red hot and ignites the hydrogen. The Dobereiner lamp, therefore,

consists of an automatic hydrogen generator (the arrangement of which

is seen from Fig. 130), filled with zinc and sulphuric acid, and of a piece

of platinum sponge placed in a small box opposite the exit tap. In

recent times, the same principle has been employed for the ignition of

gas flames by the mere opening of the tap, especially in the case of

incandescent burners.

Since the catalytic actions of platinum take place at its surface, they

are, for a given amount of metal, all the more considerable the greater

FIG. 130.
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the surface. This is seen in the very finely divided platinum which is

obtained on reducing alkaline platinum solutions with organic sub-

stances, e.g. formic acid (p. 426). The metal is then deposited in the

form of a very fine powder which, on account of its black colour, is

called platinum black, and which exhibits the above-mentioned catalytic

properties in a high degree. On being heated to redness, it cakes

together, and forms grey spongy platinum.
Besides the catalytic actions, platinum black also exhibits adsorp-

tion phenomena which, by reason of its fine division and correspondingly

large surface, are as clearly seen as in the case of charcoal (p. 408).
On account of this property it is somewhat difficult to prepare platinum
black pure.

Finally, platinum is obtained in the most finely divided state by
disintegration by means of an electric arc under water (Bredig). A
black-brown coloured colloidal solution is then produced, which

exhibits perfectly similar catalytic actions to the other forms, even

when present in extremely small amounts. By addition of salts, the

platinum is readily precipitated from these solutions, and thereby loses

a great part of its catalytic activity.

Apparently connected with these catalytic actions is the property
of platinum of dissolving large quantities of different gases, especially

hydrogen. Hydrogen diffuses through red-hot platinum with the

greatest ease
; but, even at the ordinary temperature, platinum,

especially in the form of platinum black or spongy platinum, can

absorb fairly large quantities of the gas. The hydrogen thereby
increases enormously in reactivity, and acts in accordance with its

position in the potential series (in the neighbourhood of lead), reduc-

ing, for example, more noble metals from their salts, and forming the

corresponding compounds, i.e. the acid. It must not be supposed that

the chemical affinity or the chemical potential of the hydrogen is

changed ;
such an assumption, which is certainly very often made,

would be a contradiction of the fundamental laws of the theory of

energy. For, if it were the case, one might generate hydrogen without

the presence of platinum, and then in the presence of platinum allow

it to pass again into the same combination, and would use up less work
for the first process than is gained in the second

;
in other words, any

amount of work whatever would be obtained without expenditure, or

from nothing. This, however, is shown by experience to be impossible.
The cause of the changed action of the platinum lies rather in

the acceleration of the reactions of hydrogen, and is, therefore, a

catalytic action. Gaseous hydrogen reacts so slowly at the ordinary

temperature that it appears like an indifferent substance, and from

the fact that in the presence of platinum the reaction becomes visible

in a short time, while otherwise it would require hours or perhaps

years, the view has arisen that there is a change of the chemical

potential.
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798. Compounds of Platinum occur in two series, in which the
metals act as bivalent or quadrivalent. The latter are the better
known and the more stable.

Elementary platinion is formed neither in the one nor the other
series in any considerable amount

;
on the contrary, all the more stable

compounds of this metal are of a complex character. The variety of

these complexes is exceedingly great ; only a very few of them can be
treated here.

On dissolving platinum in aqua regia, a yellow-red solution is

formed which, on evaporation, yields crystals of hydroplatinichloric

acid, H2PtCl6 . This compound is a strong dibasic acid, which does
not contain any considerable amount of chloridion, for it does not

give a precipitate of silver chloride with silver salts, but one of silver

platinichloride, Ag2PtCl6 . Further, on electrolysing a solution of the

acid or one of its salts, it is found that the platinum moves towards
the anode and not to the cathode, for the liquid during electrolysis in

the neighbourhood of the cathode becomes poorer, and in the neigh-
bourhood of the anode richer in platinum,

1 which shows that the

platinum is not present as a cation.

Of the salts of hydroplatinichloric acid, we have already met with

the sparingly soluble potassium salt (p. 473), since it is used for the

separation and analytical estimation of potassium. It is a salt which

crystallises in anhydrous, regular octahedra, and is much more readily
soluble in hot than in cold water. By addition of alcohol it is almost

entirely precipitated from its aqueous solution.

Sodium platinichloride is readily soluble in water, and crystallises

with 6H
20. Ammonium platinichloride resembles the potassium com-

pound in being sparingly soluble
;

it is used for the separation of

platinum from the solutions of the crude platinum ores. On being
heated it readily decomposes into ammonium chloride and chlorine,

which escape, and metallic platinum, which remains behind in the form

of spongy platinum (p. 781).

By carefully heating hydroplatinichloric acid in a current of chlorine,

platinum tetrachloride, PtCl4 ,
is obtained as a crystalline mass similar to

hydroplatinichloric acid, but not deliquescent. It readily dissolves in

water
;

the solution contains, like that of gold chloride, an oxy-acid,
H2PtCl40, which is formed by the absorption of the elements of

water. The very dilute solutions have the remarkable property that

their conductivity very rapidly increases when they are illuminated,

a behaviour which is probably connected with a hydrolysis and

splitting off of hydrochloric acid.

On adding excess of sodium carbonate to a solution of hydroplatini-
1 At the electrodes themselves the reaction is apparently the opposite, metallic

platinum separating out on the cathode. This is, however, a secondary reaction

due to the fact that the hydrogen, which is conducted by the current to the cathode,,

is not discharged there but reduces the platinum solution present, and the metal is

deposited.
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chloric acid, concentrating and extracting the residue with acetic acid,

platinic hydroxide, Pt(OH)4 ,
is obtained as a red-brown powder, which

is soluble in strong acids (but not in weak acids like acetic acid) and
in alkalis. The solutions in acids contain platinic salts, which are

greatly dissociated hydrolytically, but presumably also contain a little

tetraplatinion (Pt"") ; they are of a yellow-brown colour. The alkaline

solutions contain platinates, i.e. salts of the acid H2Pt03 ,
some of which

have been prepared in the solid state.

From the solutions of the platinum compounds, sulphuretted

hydrogen slowly precipitates black platinum sulphide, which dissolves

in excess of alkali sulphides to a dark-brown solution, with formation

of a thioplatinic acid.

From the compounds of platinichloridion, compounds of platino-

chloridion, PtCl4", are formed by means of reducing agents. Thus, on

warming an aqueous paste of potassium platinichloride with cuprous
chloride, a dark solution is obtained from which dark-red crystals of

the soluble salt K
2PtCl4 separate out. The free acid is known only

in solution
;

the anion PtCl4
"

is ruby-red in colour. The potassium
salt is employed in photography for the production of platinotypes,
which consist of metallic platinum. For this purpose it is spread on

paper, along with ferric oxalate, and exposed to light ;
in the light the

ferric salt is reduced to ferrous salt (p. 614). If the paper is then

passed through a solution of potassium oxalate, a reduction of the

platinum occurs at those parts at which the action of light had occurred,
and a positive is obtained of a grey-black colour which, in accordance

with the stability of metallic platinum, is very resistant to air and

light. With a very weak acid solution of potassium platinochloride,

also, silver prints can be converted into platinum ones, i.e. one can
"
tone

"
with platinum.

From the solutions of the platinochlorides, alkalis precipitate black

platinous hydroxide, which has no acid properties.
Platinous chloride, PtCl2 ,

is obtained by heating hydroplatino-
chloric acid to 250-300, or by heating spongy platinum to the same

temperature in a current of chlorine. It is a green-brown powder,
which does not dissolve in water, but is readily soluble in hydrochloric
acid

;
with the latter it forms a hydroplatinochloric acid.

On passing carbon monoxide over platinous chloride, very remark-

able compounds are formed which contain the components in the

proportions 1:1, 1:2, and 1 : 3. The first volatilises without

decomposition at about 250, and thus stands in conspicuous con-

trast to all other platinum compounds, which are not volatile, but

decompose in the heat. They - are yellow or yellow-red crystalline
substances.

On allowing a solution of potassium platinochloride to stand with

potassium nitrite in a warm place, potassium platinonitrite, K2Pt(N02 )4 ,

soon crystallises out in colourless, sparingly soluble crystals. The free
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acid, H2Pt(N02 )4 ,
has also been prepared. The salts readily take up

two combining weights of halogen.
Of the numerous other series of complex compounds which platinum

forms, we may still mention the ammonia and the cyanogen com-

pounds. The ammonia compounds belong to two series, corresponding
to the platinous and platinic compounds. Their empirical composition
is that of bivalent or quadrivalent salts of platinum combined with one

to four combining weights of ammonia, NH3 ,
often along with water.

Moreover, they exhibit specific properties, showing that they are salts

of new cations in which neither the ammonia nor the platinum gives
its usual reactions. These compounds are very similar to the corre-

sponding compounds of cobalt (p. 645), more especially also in the

fact that the halogens and acid residues present are only partially

separated as ions, and in part form constituents of the cations. The

hydroxides of several of these have been prepared, and are soluble

substances with a strongly alkaline reaction. For the theory of these

compounds cf. p. 645.

The complex compounds with cyanogen are derived from the bivalent

platinocyanidion, Pt(CN)4". The potassium salt is formed by dissolv-

ing platinous chloride in a solution of potassium cyanide, and also by
melting potassium cyanide with spongy platinum ;

it is a bright-yellow
salt exhibiting a blue iridescence. The barium compound is formed

by mixing platinous chloride and barium carbonate with water, and

passing hydrocyanic acid into the hot liquid. It is a bright-yellow
salt exhibiting violet-blue iridescence. The magnesium salt, which

can be prepared in the same way, is crimson red with green metallic

ustre, the property of surface iridescence, dependent on the crystalline

form, being possessed by all the salts of this series. The barium

compound also exhibits in a very marked manner the phenomenon
of fluorescence, and it converts, not only the ordinary ultra-violet,

but also the Rontgen and uranium rays (p. 768) into visible light, and

its application is in accordance with this property.
From the solution of the barium salt, the free hydroplatinocyanic

acid is obtained by means of dilute sulphuric acid ;
it is colourless in

solution, but in the solid state it exhibits a variety of lustrous colours,

according to the amount of water it contains.

The salts of this series readily take up two combining weights of

halogen, but these are only feebly united ;
the corresponding com-

pounds likewise generally crystallise well.

799. Palladium. Palladium was discovered by Wollaston in 1803

in platinum ore. It is the least noble of the platinum metals, as it

readily dissolves in nitric acid. It resembles platinum in its combining

relations, for it forms bivalent and quadrivalent compounds ;
in this

case, however, the bivalent compounds are the more stable.

Metallic palladium has a density of 11-8, and melts at 1500. It

is a metal similar to platinum, and has the special property of uniting
3E
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with large amounts of hydrogen to form a compound of metallic appear-

ance, the nature of which has not yet been sufficiently explained.
The combination of the two substances takes place most rapidly at

100, and is all the more rapid the more finely the metal is divided.

With finely divided metal, 800 volumes of hydrogen are absorbed by
one volume of the metal. Still more hydrogen is absorbed on employ-

ing the metal as cathode in dilute sulphuric acid
;

the amount of

gas then absorbed increases with the strength of the current
;
a portion

of the hydrogen so absorbed, however, escapes immediately the current

is stopped, while another portion is in stable combination. If the

temperature is raised, the palladium hydride again decomposes into its

components ;
it does not, however, follow the ordinary law of dissocia-

tion, according to which the pressure is independent of the degree of

decomposition ;
in this case there is a dependence.

The hydrogen absorbed by palladium has a strongly reducing

action, and it has therefore often been regarded as existing in a special

condition. In this case, however, as in the case of platinum, we are

dealing only with a catalytic acceleration of the reaction.

If galvanic cells are constructed containing hydrogen along with

various metals such as gold, platinum, or palladium, no electromotive

force is observed if the hydrogen is always present in excess. This is

a proof that the chemical potential of the hydrogen is not increased by
the palladium.

Of the chemical compounds of palladium, palladious nitrate,

Pd(N03)2 , may be mentioned, which is formed by dissolving the metal

in nitric acid. It is a very deliquescent salt, the solution of which is

dark brown in colour
;

this colour may be ascribed to dipalladion,

Pd". On adding alkali carbonates to these solutions, carbon dioxide

is evolved, and a dark-brown precipitate of palladious hydroxide, which

on ignition decomposes only with difficulty into metal and oxygen,
is deposited. Dipalladion unites with iodidion to form a dark-brown

compound, which is soluble with extreme difficulty in water. Since

bromidion and chloridion do not give such a precipitate, palladious
nitrate can be used as a reagent for iodidion.

If palladium is dissolved in a large excess of aqua regia, a solution

of hydropalladichloric acid, H2PdCl6 ,
is formed from which the potas-

sium salt can be obtained as a sparingly soluble crystalline powder

consisting of scarlet octahedra. Even on heating the acid solution to

boiling, chlorine escapes and hydropalladochloric acid, H2
PdCl4 ,

is formed,

the potassium salt of which is very similar to the corresponding platinous

compound (p. 783).

On evaporating a solution of palladium in aqua regia to dryness,

hydrogen chloride and chlorine escape, and palladious chloride, PdCl2 ,

is obtained, which dissolves in water with a red-brown colour.

The combining weight of palladium is Pd = 106-7.

800. Iridium. On treating platinum ore with aqua regia, part
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of the indium is dissolved along with the platinum, arid part remains
alloyed with osmium as osmiridium, which is not attacked by aqua
regia. The dissolved portion is precipitated along with the platinum
by means of ammonium chloride, and its presence is recognised even
in comparatively small amounts by the fact that the compound of

platinum chloride and ammonium chloride has a yellow-red or red-

brown colour instead of bright yellow. This portion of iridium is often

left in the platinum used in the arts, since the metal thereby becomes
harder and more resistant to chemical influences.

Pure iridium scarcely melts even in the oxyhydrogen flame, and
can be worked only with difficulty. It has the density 22, the hard-

ness of slightly tempered steel, and is only slowly attacked even by
aqua regia ;

it is more readily attacked when it is in a state of fine

division. On gently heating a mixture of the metal and common
salt in a current of moist chlorine, the former can be converted into

the sodium salt of bivalent iridichloridion, IrCl6".

Iridium forms three series of compounds in which it is bi-, ter-, and

quadrivalent. The bivalent compounds are the least stable and are

little known
;
the other two series pass very readily one into the other,

so that it is hardly possible to say which is the more stable. In both

series the typical compounds are the complex iridiumchloride ions

the tervalent iridochloridion, IrCl6'", and the bivalent iridichloridion,

IrCl6". The former anion is green-brown, the latter dark red. The

change of colour accompanying the ready conversion of the two series

into one another gave rise to the name of the element (from iris, a

rainbow).
Potassium iridichloride, K2IrCl6 ,

resembles potassium platinichloride

in its solubility relations
;

it crystallises in small dark-red octahedra,

arid is obtained by heating a mixture of finely divided iridium and

potassium chloride in a current of moist chlorine to a gentle red heat.

The corresponding sodium salt crystallises like the platinum com-

pound with 6H20, and is readily soluble. By reduction with sulphurous

acid in acid (or with alcohol in basic) solution, chlorine and sodium

chloride are split off, and sodium iridochloride, Na3IrCl6 . 12H20,

which is a very soluble salt, is obtained. The potassium salt obtained

in a similar manner from the iridichloride, is also readily soluble.

Both are readily reconverted by oxidising agents into the higher

series.

With ammonia iridium forms numerous complex bases, which are

similar to those of platinum.
The combining weight of iridium is Ir = 193-1.

801. Rhodium. Rhodium stands to iridium in a relation similar

to that of palladium to platinum. Like iridium it forms three series

of compounds ;
in contrast with iridium, however, the highest series is

here the least stable. This depression of the region of stability towards

the lower type is present also in the case of palladium compared with
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platinum, and occurs in both cases in the element of lower combining

weight.
Rhodium occurs in comparatively small quantity in platinum ores.

It was discovered in 1803 by Wollaston, and has obtained its name
from the rose-red colour of its salts.

Metallic rhodium is less refractory than iridium, but more so than

platinum. In the pure state it is ductile and has the density 12. The

finely divided metal has very pronounced catalytic properties ;
for

example, it decomposes formic acid in aqueous solution into hydrogen
and carbon dioxide : H2C02

=H2 + C02 ,
i.e. it so greatly accelerates

this reaction, which takes place of itself in very small amount, that the

gases escape with effervescence. Other organic compounds are also

changed in a similar manner
;

this is a proof that very many of these

substances are unstable compounds, and gain an appearance of stability

only from the slowness of their spontaneous decomposition.
The best-known compounds of rhodium are those of the tervalent

type ;
from these, apparently, two different rhodiumchloride ions, viz.

RhCl
7

"" and RhCl6'", appear to be derived
; salts, at least, of these

two types are known. The alkali salts are soluble with a red colour

in water.

A fairly large number of complex ammonia compounds are also

known in the case of rhodium.

The combining weight is Rh = 102-9.

802. Osmium and Ruthenium are distinguished in a very char-

acteristic manner from the other four platinum metals by their property
of forming readily volatile oxygen compounds ;

these are produced,

although slowly, by heating the metals in the air, and volatilise with

the steam in the treatment of the crude platinum ore with aqua regia.

These compounds contain four combining weights of oxygen to one

of the metal, and behave as almost indifferent substances
;

at all"

events, the acid properties of the hydroxides (unknown in the free

state) are only feebly developed.
Osmium has the density 22-5 in the crystalline state and is the

densest of all known substances. It is almost infusible, is very hard,

is insoluble in aqua regia, but passes slowly into the volatile tetroxide

on heating in oxygen. By fusion with zinc and treatment of the

alloy with hydrochloric acid, it is obtained in a finely divided state

as a black powder, which, on being heated in the air, smoulders and

forms the tetroxide ;
from tin, however, it is obtained in crystals with

a metallic lustre.

Osmiridium, which remains after treating the platinum ore, forms

hard, silver-white laminae, and is used for tipping gold pen-nibs, which

do not wear down with use. On being heated with common salt in a

current of wet chlorine (p. 787) the osmium volatilises in the form of

the tetroxide.

Osmium tetroxide is a white, readily fusible crystalline mass which
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slowly dissolves in water and readily volatilises with steam. It has a

strong, very unpleasant smell, recalling that of chlorine, and a highly

poisonous action, because it is reduced by the tissues to metallic osmium,
which is deposited and exercises a continual irritation ; the eyes, more

especially, are powerfully attacked. The solutions exhibit oxidising
actions but no acid reaction

;
if an alkali is added, the greater portion

of the tetroxide can then be distilled off, showing that the correspond-

ing salt undergoes hydrolysis to a large extent, and is therefore formed

only in very small amount.

Aqueous solutions of osmium tetroxide are used in histology for

hardening animal tissues.

On careful reduction, the alkaline solutions of osmium tetroxide

are converted into the salts of osmanion, Os04", the acid not being
known either in the free state or as the anhydride. That a new anion

has been formed is evidenced by the fact that the liquid, which was

previously colourless, becomes red-violet ;
on addition of acids, how-

ever, the osmic acid decomposes into tetroxide, which volatilises, and
the hydroxide of quadrivalent osmium, which is deposited as a black

precipitate, if any oxyacid has been used ;
in hydrochloric acid, how-

ever, the latter is soluble.

With chlorine, osmium forms two osmium-chloride ions, OsCl6

'"

and OsCl6". The former anion is cherry red, the latter golden yellow.

The salts of the second series are formed by treating osmium and

alkali chlorides with moist chlorine, those of the first are obtained by
the reduction of the latter, and are unstable.

Finally, osmium compounds of a bivalent type have been obtained

by the reduction of the higher compounds. The corresponding salts,

in which the osmium is present as a bivalent cation, are dark blue in

colour
; they oxidise very readily.

The combining weight is Os = 190-9.

803. Ruthenium was discovered by Glaus in 1845. It is a grey

metal of density 11, which fuses only with difficulty but more readily

than osmium. It is fairly resistant to aqua regia ;
on fusion with

caustic potash and saltpetre it is attacked with formation of potassium
ruthenate.

On distilling the solution produced while a current of chlorine is

at the same time passed through it, ruthenium tetroxide passes over as

a yellow crystalline mass, which melts as low as 26, and boils about

100
;

at this temperature, however, explosions readily occur. It

seems to be formed also in minute traces on heating the metal in the

air. The vapour is yellow, and the molar weight corresponds to the

formula Eu04 . It dissolves in water, forming a yellow liquid, which

is unstable.

From the oxide, two series of salts are formed with bases, with

loss of oxygen, viz. the dark-green perruthenates, MRu04 ,
and the

orange-red ruthenates, M3
Ru04 ;

between these two, therefore, the same
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relation exists as between the permanganates and the manganates,
and their reciprocal transformation also takes place under perfectly
similar conditions, the latter being more stable in alkaline liquids, the

former in acid or neutral.

With chlorine, ruthenium forms compounds of the bi-, ter-, and

quadrivalent type ;
the last two form rutheniumchloride ions, RuCl5

"

and RuCl6

"
;
the former are yellow, the latter red.

The combining weight of ruthenium is Ru = 101-7.



CHAPTER XLVII

THE CHOICE OF COMBINING WEIGHTS AND THE PERIODIC SYSTEM

804. General. In the preceding chapters the question as to which
of the possible multiples of the combining weight of each element is

the most suitable has not been discussed, and we now proceed to

examine whether a general answer can be given to the question at all.

As the most obvious rules for the choice of the combining weights,
the two following will evidently be laid down, viz. the formulae shall,

in the first place, be as simple as possible, and, in the second place,
similar compounds shall have similar formula. These two rules lead, in

many cases, to concordant results in other cases, however, to contra-

dictory ones.

Thus, according to the principle of simplicity, the combining weight
of those elements which form only one compound with oxygen will be

chosen, so that the compound contains one combining weight of each

element. This is, for instance, the case with zinc and cadmium, whose
oxides are written ZnO and CdO. In the second place, in accordance

with the principle of similarity, of the two oxygen compounds of copper,

cupric oxide must be formulated in agreement, with zinc oxide, because

these two exhibit various points of similarity in their compounds.
Hence, it follows that cuprous oxide must be written Cu

20.

If, now, we are dealing with silver oxide, we should, in accordance

with the principle of simplicity, write the formula AgO, and make

Ag = 215-8. This, however, would be in conflict with the second

principle, for the silver compounds are very similar to the cuprous

compounds. We have the choice, therefore, of violating the one or

other principle ; they cannot both be followed at the same time.

Similar holds in the case of iron and aluminium. On account of

its similarity to zinc oxide and cupric oxide, ferrous oxide must be

written FeO
;

from this, the formula Fe2 3 would follow for ferric

oxide. Aluminium forms only one oxygen compound, and would,

therefore, in accordance with the principle of simplicity, have to be

written A10, Al being made equal to 40-5. In this way, however,

attention is not paid to the undoubtedly very great similarity to ferric

791
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oxide, and in order to give expression to this we must write A12 3 ,

and thus violate the principle of simplicity.
To give effect to both of the above principles at one and the same

time is not possible without producing contradictions, and one has

often to decide which of the two principles one will violate. In general,

the principle of similarity has the preference.
805. Isomorphism. It is, however, not easy in any given case to

decide as to the degree of similarity to be taken into account. Silver

oxide and lead oxide also show a considerable amount of similarity in

their general relations, more especially in respect of the solubility of

their salts, and yet the two are differently formulated, viz. Ag2 and
PbO. In order to arrive at definite rules, we must give up the general
"
similarity

" and choose some demonstrable property as basis. In

isomorphism (p. 336) we obtain such a property. We shall therefore

lay down the principle : The combining weight shall be chosen such

that isomorphous substances have similar formulse. As a matter of

fact, this principle can be followed without encountering contradictions,

and all isomorphous pairs and groups mentioned in this book have

received concordant formulae.

A complete system of combining weights, however, cannot be

obtained in this way, since the isomorphous groups are mostly restricted

to a small number of compounds, and the relations existing between

elements belonging to different groups (e.g. manganese) are not sufficient

to unite all the groups. Further aids must therefore be looked for.

806. The Molar Weight. Such an aid is afforded by the con-

ception of molar or molecular weight, if we lay down the condition

that allformula corresponding to a molar weight shall contain only a whole

number of combining weights of the elements (p. 170). The molar weight
is a number which can be deduced from the gaseous density or from

the depression of the freezing point or elevation of the boiling point

(p. 183), and which can be determined independently of doubtful sup-

positions, and purely by experiment. The question whether the above

condition is fulfilled can therefore be tested in the case of all substances

which can be observed in the gaseous state or of which solutions can

be prepared. As a matter of fact, various doubtful cases have been

decided by this means. Thus, for example, beryllium was regarded

by many investigators as an earth metal, and its chloride was, in

analogy to that of aluminium, written BeCl3 ,
i.e. there was taken as

the combining weight of beryllium that weight which was combined
with 3 x 35-46 parts of chlorine, viz. 13-5. When, however, one suc-

ceeded in determining the vapour density of beryllium chloride its

molar weight was found to be 80. From this it follows that only two

combining weights of chlorine can be contained in beryllium chloride.

The combining weight of the element must therefore be taken as 9,

and the chloride be written BeCl2
.

These considerations, of course, lead much further than those of
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isomorphism alone, but even they are not perfectly decisive. It is,

indeed, conceivable, although generally not very probable, that besides

the compounds whose molar weights are known, other compounds of

a particular element exist, the molar weight of which contains only a

fraction of the combining weight deduced from the former compound.
This would not necessitate a contradiction to the other compounds, but

would merely lead to the assumption of several combining weights in

the former compounds. In other words, from the molar weights there

can be deduced only the limit above which the combining weight does

not lie, but it cannot be proved that the combining weight is not a

fraction of that hitherto chosen.

807. The Atomic Heat. A law discovered in 1818 by Dulong
and Petit, and which has since then been confirmed in many other

cases, admits of no such doubt. This states that the thermal capacity
of the elements referred to one combining weight, or the atomic heat,

is constant and equal to about 6 calories or 25 kj for each degree.

By the term thermal capacity of a body there is understood the

ratio between the amount of heat communicated to the body and the

elevation of temperature which the latter experiences. If, therefore,

the heat Q is introduced into the body, the temperature of which thereby
rises t, the thermal capacity of the body is k = Q/t. This quantity k

is evidently proportional to the weight of the body investigated, for

the elevation of temperature will be smaller in the same proportion
as the amount of substance increases to which the same quantity of

heat is communicated. It has, however, also been found that equal

weights of different substances experience very different elevation

of temperature with the same amount of heat
;
that is, in other words,

the specific heat of different substances is different, for the teTm\specific

heat has been applied to the thermal capacity referred to the unit

of weight. If, however, we refer the thermal capacity not to equal

weights, but weights which are in the ratio of the combining weights,

these quantities of substance have the same thermal capacity when we are

dealing with the elements in the solid state. Calling the thermal

capacity referred to the combining or atomic weight, by the name

atomic heat, the law states that the atomic heats of the solid elements

are equal.
This law is not universally valid. In the first place, as above

mentioned, it is valid only for the solid state
; liquid, and especially

gaseous elements, are not subject to it. Further, it is valid not for all

solid elements, but only for those whose combining weight is not less

than 30. The elements which are below this limit have, in the sense

of the law, too small an atomic heat.

808. Result. If we now ask how these different principles for

the choice of the combining weight can be united, in so far as they

affect the same elements, we find that they agree well with one another.

A system of combining weights can be drawn up which allows of the
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expression of all isomorphism relations by concordant formulae, and of

all molar weights by integral values of the combining weights, and

whereby also the atomic heats of the solid elements (with combining

weight above 30) are expressed by approximately the same numbers.

These are the combining weights of which use has continually been

made in this book, and which are at the present day universally accepted

by the chemists of all countries. Nowhere in this work has it been

necessary to write formulae representing actually determined molar

weights with fractions l of the combining weights. Further, in all

cases of isomorphism, the formulae of isomorphic compounds are

similar, and that the rule of Dulong and Petit is fulfilled is seen from
the following table :

Lithium

Beryllium .

Boron
Carbon
Sodium
Magnesium
Aluminium
Silicon

Phosphorus
Sulphur
Potassium
Calcium
Chromium
Manganese
Iron .

Cobalt
Nickel

Copper
Zinc .

Galhum
Arsenic
Selenium .

Zirconium .

28
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In this series similar elements always occur at regular intervals. If

then the series is divided into a number of sections, so that each section

commences with a member of a definite family, it is found that the

second, third, and following positions of the sections are also filled by
elements corresponding to one another.

The table on page 795 has been produced by dividing the series of the

elements, as determined by the values of the combining weights, into

such sections
;
these sections have then been placed one below the other.

In this way perpendicular columns are obtained in which similar or

related elements stand under one another. The different rows have

also been alternately shifted somewhat relatively to one another. As
can be seen, the mutual relation between those elements which are

most closely allied to one another thereby receives better expression.

Thus, in the column headed 0, we find all the elements of the argon

type, which are distinguished by their inability to form chemical com-

pounds^ Under I. there are, on the one hand, the nlvalent alkali

metals, on the other hand the univalent heavy metals, copper, silver, gold.

Under II. there stand the bivalent alkaline earth metals, and along
with them the bivalent heavy metals of the zinc group.

Under III. are the tervalent earth metals along with the correspond-

ing heavy metals, gallium and indium.

Under IV. the quadrivalent elements are found. The first .repre-
sentatives of these have no longer a metallic character, just as the

first non-metal appeared in the preceding group in the case of boron

the metals of the titanium group on the one hand, and of the tin group
on the other hand, then follow.

Column V. also contains, to begin with, non-metals which can act

as tervalent or as quinquevalent ;
in the lower portion there are the

corresponding ter- and quinquevalent metals.

In column VI. are bi- and sexavalent elements
;

the non-metallic

character can be followed further down the column.

Column VII. contains the typical non-metals, the halogens, which can

act, on the one hand, as wmvalent on the other hand as septa valent.

Finally, the last column contains the two families of the iron metals

and the platinum metals, which do not quite fall into line with the

rest of the system.
In all these columns the general rule can be observed that the basic

properties (i.e. the tendency to form cations) increases with increasing

combining weight ; the power of forming anions, however, decreases.

As can be seen, the table is not complete, but contains many
positions unfilled. It cannot be otherwise, for there is no justification
for the assumption that all existing elements have already been dis-

covered and investigated. It is, however, worthy of notice that up to

the combining weight. 140, scarcely an element is wanting. At this

point there is a large blank, and only between 170 and 240 is there

again some degree of completeness. At the time, about 1860, when
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the regularities above described were discovered by Newlands, L.

Meyer, and Mendeleef, many more of the elements were wanting, and
it was possible, according to the law of similarity, to predict with very
fair approximation the properties of those elements whose places were

empty. In this way Mendeleef, especially, predicted the properties of

several elements unknown at that time, and the discoveries which were

subsequently made amply confirmed most of these predictions.
Besides the general relations of chemical combination, the arrange-

~"

ment of the elements according to the magnitude of their combining
weights affords a fairly complete systematisation of the physical pro-

perties, both of the free elements and of their corresponding com-

pounds. Thus, on passing continuously along the horizontal rows, we

pass through a regular transition from the region of the metals to that

of the non-metals, to commence again with metals at the beginning of ^-"
a new row.

The whole series, then, falls into a number of periods, and the

whole system has therefore received the name periodic law. The

periodic character is seen most closely by graphically representing
definite properties of the elements. Such a representation is given in

Fig. 131 of two properties, the atomic volume x and the melting point.
Most of the properties of the elements, so far as they can be

measured, yield similar figures, so that it has been stated generally :

The properties of the elements are periodic functions of their combining ~)

'

weights.
The same relations are seen also in the case of comparable com-

pounds, e.g. the oxides, chlorides, sulphides, etc., in respect of their

different properties. Compare, for example, the solubility relations

of the chlorides of the elements and their behaviour generally with

water, in the light of the table.

The form of the above regularities, finally, leads to the view that

the values of the combining weights themselves must stand in a regular

relation to one another. The first idea is that the members are char-

acterised by constant differences of their combining weights. We can

at once satisfy ourselves, however, that only a very rough approxi-

mation to such a relation exists. Thus, for example, the differences

between the corresponding elements of the first and second horizontal

series amount to 16, 16, 15-3, 16-1, 164, 17-0, 16-1, 16-5, and is there-

fore fairly constant although the deviations are far above the possible

errors in the determination of the combining weights. The third and

fourth rows, however, give the differences 25, 24-5, 254, 27-9, 23-9,

23-8, 27-0, 25-0, and these exhibit much larger and irregular variations.

A complete table of the existing differences shows that no apparent

regularity is present, and there remains therefore in these numbers

1 By atomic volume is meant the product of the extensity and the combining weight.

In accordance with the definition of extensity (p. 35), it represents the volume in c.c.

occupied by the combining weight in grams of the particular element.
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an element of chance, i.e. of the unknown, which one has not yet
succeeded in overcoming.

With this there is connected the fact that in the two cases argon-
potassium and tellurium-iodine, the principle of strict sequence accord-

ing to the magnitude of the combining weight must be violated, in

order not to come into conflict with facts, for in both cases the larger
and not the smaller of two neighbouring combining weights comes
first. In both cases the general position of the elements is so un-

doubted that there has never been any uncertainty as to where they
should be placed in the table

;
the hope, however, that a more exact

determination of the combining weights would establish the expected
order of sequence has not been fulfilled.

It is also not to be denied that several arrangements occur in the
j

table which do not correspond very well with the chemical relations. I

Thus copper and mercury, which have a very great chemical similarity, I

occur in different columns : likewise, barium and lead, thallium and \

silver. Other points might also be cited in which the arrangement )

given by the periodic system is by no means the most natural.

To the question, then, as to what position should be adopted with

regard to these and similar imperfections of the periodic system, we
would say, that we are here not dealing with a law of nature in the

strict sense, but with a principle of classification of not very exactly
defined things. What we call the chemical character of an element

and employ for the estimation of its similarities and differences with

respect to other elements, is made up of the sum-total of the chemical

processes and physical properties known to us which this element

and its compounds exhibit. It must, however, be at once admitted

that our knowledge of these processes and properties is incomplete
and highly one-sided. It is incomplete even by reason of the limitation

of all human knowledge ;
it is one-sided in the highest degree because

of all possible chemical processes, those occurring at medium and

slightly higher temperatures are known with incomparably greater

thoroughness than, for example, the processes occurring at much higher

temperatures. A further and very great degree of one-sidedness

consists in the preference given to the chemical processes taking place

in aqueous solution, which the special properties of the large class of

saline compounds has urged upon us. Their technical and physiological

importance is certainly much greater than that of the other processes,

but for purposes of systematisation they ought not to receive the

preference if we would take all properties into consideration. To

employ a picture, we know only a certain, and, in part, somewhat

arbitrarily cut section of the great organism of chemical facts, while

the rest of the body remains almost a secret to us. We must not

therefore be surprised if in this chance section we cannot gain a view

of the laws ruling the whole organism.



CHAPTER XLVIII

THE RADIO-ACTIVE ELEMENTS

810. General. In the year 1896 the French physicist, Becquerel,
observed that the salts of uranium, when placed on a photographic

plate, wrapped in black paper, affected the plate in a few days in such a

way that it could be developed just as if the particular portions of the

plate had been exposed to light. The most plausible view, that the

uranium salts had given off some substance which had penetrated

through the porous paper to the plate, and had chemically altered the

latter, could be shown to be wrong by interposing a thin glass or alu-

minium plate between the uranium salt and the photographic plate.

It was found that even these substances could not prevent the action

of the uranium on the plate, although they are, of course, impermeable
for material substances. There must therefore be emitted from the

uranium influences somewhat of the nature of the Rontgen rays which

can, as is well known, penetrate through opaque substances and affect

a photographic plate in the manner just described. Becquerel con-

vinced himself that he was not dealing with a phenomenon comparable,

say, with phosphorescence, because even those uranium compounds
which had been kept in the dark for months and even for years, still

exercised the same action unchanged. He ascertained, also, that

uranium was capable of producing another X-ray effect, namely this,

that the air or other gas which was exposed to the action of the uranium,
was rendered electrically conducting. It must therefore be concluded,

that the uranium salts continually emit Rontgen rays or something
similar to them, which produce the above effects.

The difficult question then immediately arose : Whence comes the

energy of these lasting influences ? Since the amounts of energy
involved were exceedingly small one could imagine all kinds of possi-
bilities which would account for the phenomena without infringing the

first or second law of thermodynamics. Further investigation then

showed that there are certain minerals which have a much stronger
action on the photographic plate than have the impure uranium salts.

These minerals, it is true, contain uranium although, of course, much

800
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less than the pure uranium preparations, and they ought, therefore,
to have exhibited a less marked effect. It was therefore to be supposed
that these minerals contained elements hitherto unknown and possessing

properties similar to those of uranium but in a much higher degree.
M. and Mme. Curie, therefore, undertook the investigation of this

problem, in the first place by chemical means, according to the following

plan. The minerals with which we are here chiefly concerned are the

pitchblendes (p. 767), which consist essentially of uranyl uranate, but

contain also in small amounts almost half the table of the chemical

elements. When then, by the well-known analytical methods, one

separates the different substances of which these minerals consist, one

can readily ascertain by means of the photographic action or by the

conductivity of the air, which constituents exhibit the special actions,

and the constituents in the case of which these actions are absent.

Just as Bunsen, with the help of the characteristic spectrum lines of

rubidium, and csesium, proceeded in such a way that in the separation
of the salts of the mother liquor the new elements accumulated, so

also in the present case one could detect by means of the increase in

the radio-active action (as this new property of substances was defini-

tively called) those substances which exhibit this property. In this

way it was found, in the first place, that those fractions exhibit radio-

activity in a more marked degree which behave similarly to barium,
more especially, therefore, the sparingly soluble sulphates which are

obtained from the solution by addition of sulphanion. In the second

place marked radio-activity was also exhibited by that fraction which

contained bismuth
; and in the third place, another maximum of

radio-activity was found in the case of those fractions in which the

traces of the rare earths (which are also contained in pitchblende)
accumulated. These three series were pursued to the end by means of

a number of tedious experiments, which were also not quite free from

danger. As a result it was found that in all three cases new chemical

elements made their appearance which, as regards their other properties,

were analogous to the other elements. They occupy quite definite

positions in the systematic arrangement described in the previous

chapter, in so far at least as they have been studied with sufficient

exactness. In them, also, the radio-active properties are developed
in a specially high degree, and they all possess a very high combining

weight.
These elements, certainly, are present in the ores only in exceedingly

minute amounts, and their preparation in the pure state is rendered

specially difficult by the fact that there occur along with them a number

of similar elements for which there exist no sharp methods of separation.

The element of the barium series is the one most thoroughly known,

and has received the name of radium. The element of the bismuth

series occupied at first a somewhat exceptional position (it was called

polonium] because its concentration could be effected most rapidly,

3F
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but, hitherto, it has been obtained only in traces. Lastly, the element

belonging to the series of the rare earths was called actinium. Of these

three elements, certainly, radium is the only one known with sufficient

exactness to allow of its being included, on the basis of a sufficiently

exact knowledge of its properties and of its compounds, in the text-

books of chemistry as a well-characterised chemical element with

definite atomic weight.
Of the other elements only a few properties are known, and their

general relationships. It has not, however, so far been found possible

to prepare them pure in such a quantity as to allow of their properties

being described in anything like so full a manner as in the case of the

rare elements.

811. Radium. As already stated, radium, with its atomic weight

226-5, belongs to the series magnesium, calcium, strontium, barium,
of which it forms the highest member. It is quite similar to barium

in all its properties ;
it yields a bivalent ion whose salts exhibit, in

practically every case, the solubility relations of the barium salts, the

only difference being that, in general, the compounds of radium are less

soluble than those of barium. Thus in the precipitation of the sulphates,
the first portions which separate are specially rich in radium

; and,

likewise, on recrystallising the chloride or bromide, whether from pure
water or from a solution of the corresponding acids (which diminish the

solubility of the salts in accordance with known laws), the first portions
to crystallise out always contain a relatively large proportion of radium.

Since the radium salts are isomorphous with the corresponding barium

salts, they form solid solutions with the latter. These cannot be

separated by a single crystallisation but only by a repeated recrystal-

lisation with systematic combination of the middle and isolation of the

extreme fractions, in which the radium and the barium respectively
accumulate.

When brought into the flame of the Bunsen burner, the radium

compounds give an intense carmine-red coloration
;
and the spectrum

shows two characteristic lines, one in the green and the other in the red,

and between these several broader bands. Metallic radium, also, has

been prepared by the electrolysis of the chloride using a mercury
electrode. It, likewise, shows itself to be quite similar to barium, and

behaves also like the other members of the series, being more electro-

positive or more readily oxidised than the related elements with lower

atomic weight. All these properties constitute nothing of a specially

peculiar kind in respect of this element, and they have been mentioned

merely to show that we are dealing with a well-defined elementary
substance which, in its analytical and physical properties, fits completely
into the series of the other elements and possesses just those chemical

properties which one would predict from its high atomic weight.
812. The Special Properties of Radium. The radium com-

pounds are distinguished from all other compounds by the fact that they



XLVITI THE RADIO-ACTIVE ELEMENTS 803

are permanently self-luminous. The luminosity is not very strong, so

that it can be observed only in the dark
;

it is constant, however, and
the property is not lost however long the radium preparations may be

kept. Further, all radium compounds emit rays to an extent corre-

sponding with the amount of radium they contain
;

to these rays the
names a-, /?-, and y-rays are given. These rays were already known to

physicists. In physics the a-rays have received the name of canal rays
and have been found to be positively charged gas particles having a

weight approximately equal to that of the ordinary gas molecules
;
the

amount of the charge also (96,540 coulombs per mole) is equal to that
of the electrolytic ions (p. 222). One must therefore regard the a-rays
as a stream of positively charged gas molecules. Their physical

properties also are in harmony with this view, as is shown, more especi-

ally, by the fact that they are deflected in a perfectly definite manner
in a magnetic field.

The /3-rays have an essentially different character
;
in physics they

are known as cathode rays. They constitute a rapidly moving stream
of negative charges of electricity which are not bound to molecules of

the kind hitherto known, but which possess a mass about two thousand
times smaller than that of the hydrogen molecule. The properties
of these things, which are so different from what was already known,
have been fully investigated, and it has been ascertained that similar

radiations or streams of particles can be produced under many different

conditions. They are produced, for example, by the action of ultra-

violet light on metal surfaces, from strongly heated surfaces, etc.

The detailed investigation of this phenomenon, which belongs to the

province of physics, has led to the view that in the smallest particles
of these radiations we have isolated

"
atoms of negative electricity."

In other words, it has been found that we are dealing here with single

particles which consist of negative electricity and of nothing else, and
that the electricity is present in all cases in the same amount. The
amount of electricity of which each particle consists is the smallest

hitherto observed in physics ;
and the view is consequently held

that electricity itself has an atomic constitution, and that it cannot be

subdivided below the above unit or, as it is called, the
"
electron."

To these electrons or units of negative electricity, the positive gas

ions, which form the a-rays, stand in the following relation. A gas
molecule can lose a negative particle or electron, and thereby, in accord-

ance with the principles of electricity, pass into a positively charged

molecule, i.e. into an a-particle, while the /3-particle or electron exercises

its own peculiar properties. On account of its negative charge, the

/3-radiation is deviated in an electric field in a direction opposite to that

of the a-radiation.

The third kind of radiation emitted by radium has shown itself to

be identical with the Rontgen or X rays. We have already seen that

the existence of this radiation in the case of uranium and in the case of
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the other radio-active substances isolated from pitchblende, afforded

a means of detecting these elements and of pointing the way to their

concentration and purification. These rays have the property of affect-

ing the photographic plate, as well also as that of rendering electrically

conducting gases through which they pass. The latter effect depends
on the production of gas ions in the manner already described.

. These three kinds of rays represent, of course, a definite amount of

energy, which is continuously developed from the radium. If the

radium preparation is enclosed in a thick lead case, all the rays are

absorbed by the lead and their energy transformed into heat. The
same occurs also when radium is kept in any other vessel, although,
since a portion of the radiation passes through the vessel, the trans-

formation is not complete. In the case of a radium preparation more
than one month old, the development of heat is quite constant

;
in the

case of fresh preparations it is, in general, less, but increases continu-

ously until it attains the maximum value. This amounts to 118

calories per gram per hour, and if the radium preparation is kept in

an enclosure of low heat conductivity, its temperature can easily be

found to rise several degrees above that outside. This development of

heat, also, is permanent and is maintained, after it has attained its

maximum, as long as the radium preparation exists.

The further properties of the radium compounds likewise indicate

that these compounds continually emit energy in the most varied forms.

In the first place we have the radiations described above, and since the

most varied effects are produced by their impact on different sub-

stances, we observe these effects whenever the radium compounds come
in contact with such substances. Thus, for example, a radium salt,

when dissolved in water, yields a continuous formation of detonating

gas, in which process a part of the energy emitted is used up in de-

composing the water. Glass tubes in which radium preparations are

enclosed become coloured brown or violet, according to the composition
of the glass ;

and the radium compounds also exercise on all kinds of

organic structures a powerful action generally consisting of a violent

stimulation leading to the death of the tissues attacked.

813. The Source of Energy of the Radium Actions. All the

phenomena which have just been described show that energy is con-

stantly being developed from radium, and appears to be created in

inexhaustible amount from a limited supply of material. This fact is

apparently a contradiction of the law of the conservation of energy
and is therefore by far the most remarkable of the many remarkable

phenomena exhibited by radium. The question whether or not a real

contradiction of the law of conservation can be assumed, or whether

we are merely dealing with a phenomenon which can be brought into

harmony with the law, received its answer through the work of Ramsay
and Soddy ;

for these investigators found that the energy phenomena
are accompanied simultaneously by specific chemical phenomena.
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Radium, in fact, constantly produces small amounts of helium. We
know, however, that helium is a chemical element (p. 463), which

certainly differs fundamentally from radium in all its properties ;
it

belongs to the argon group, is a gas, and has the atomic weight 4. We
have here, therefore, a contradiction to the law of the conservation of

the elements (p. 88), for either the undoubtedly well-defined element

radium changes into the equally well-defined element helium, or helium
is formed by the action of radium on the other substances which are

present with it in the particular preparations. Both possibilities are

equally in contradiction to the law of the conservation of the elements,
for the foreign substances present also do not contain helium.

Investigation has shown that the most correct view is that the

radium itself changes into helium. It is quite true that helium is not

the primary product of this transformation, there existing at least eight
other elements between the radium and the helium.1 But helium is

produced as the end product, in a regular manner to be described

presently, and it is also produced in such an amount that its presence
has been repeatedly and quite certainly detected, more especially by
means of its characteristic spectrum.

Of the remarkable behaviour which has just been described the

following interpretations must be given. Some few elements of high
atomic weight are not constant and unchanging structures, as all other

elements are, but they undergo spontaneous decomposition which, in the

case under consideration, leads to helium. As in every chemical or other

process, this spontaneous decomposition is of course accompanied by
an active display of energy. In the present case a large amount of

energy is evolved during the transformation. Radium, therefore, is a

structure exceptionally rich in energy (comparable, say, with hydrogen

peroxide, p. 181), in which the accumulated energy is transformed, as

already indicated, into other elements and finally into helium. This

energy shows itself then as a radiation when the gas ions, the electrons,

and the Rontgen-rays develop themselves freely. It makes itself

apparent in chemical or physiological action in the case of suitable

objects, and, finally, when all other possibilities of action are excluded

by enclosing the radium in a lead casing, the energy change shows itself

in the form of heat. By comparing the amount of helium which is

produced from a given amount of radium with the amount of heat

simultaneously evolved, the heat of decomposition or of transformation

of radium has been calculated. According to this, one. combining

weight of radium evolves, in its spontaneous decomposition, 2-7 x 109 kj,

that is, almost as much heat as do forty million combining weights

of hydrogen on combination with oxygen. The amounts of energy

involved here are, therefore, out of all comparison greater than those

with which we are acquainted in the case of the ordinary chemical

processes. By these enormous amounts of energy are brought about

1 See footnote, p. 811.
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the correspondingly great and unusual effects which distinguish radium.

We are dealing here with the most concentrated form of energy hitherto

met with in nature. It is consequently to be expected that this so

excessively concentrated energy, produced by the spontaneous disin-

tegration of radium, must bring about effects never produced by the

other less concentrated forms of energy.
For the rest, it may be said that the spontaneous disintegration of

radium is independent of the temperature and of the state of combina-

tion of the element. It has been conclusivelyproved that the process is a

secular one and is not appreciably influenced by any known physical agent.

814. The Law of Disintegration. The law, according to which

this spontaneous disintegration occurs, has been obtained by the study
of the analogous radio-active substances which disintegrate more

rapidly than radium. It has the simplest conceivable form and can be

stated thus : The amount of radium disintegrating in unit time is pro-

portional to the amount present. At each moment, therefore, a quite,

definite fraction of the amount present undergoes disintegration, and,

consequently, the absolute amount decomposing at each moment is all

the less the further the process of disintegration has advanced. As a

simple mathematical calculation shows, the process lasts, theoretically,
for an infinitely long time

;
for, the amounts disintegrating in unit time

are all the smaller the smaller the amount of the element itself, so that

the process continues asymptotically to infinity.

In order to have a convenient measure of this velocity of spontane-
ous disintegration, it has become customary to give the time required
for half of any arbitrarily chosen amount of radium to disappear. In

the case of radium this time amounts to about 2200 years. There does

not therefore appear to be much prospect, with the means at present
at our disposal, of being able to detect the loss of weight of a given
amount of radium ; and if it were not that we possessed the means

already mentioned, the scientific demonstration of spontaneous dis-

integration would be impossible.
815. The Stages Of Disintegration. It has already been men-

tioned that radium preparations exhibit a smaller radio-activity when

freshly prepared than they do later. The intensity of the radiations

increases, in the course of a month, to such an extent that at the end
of this time it is roughly five times as great as it was at the beginning.
Thereafter it remains permanently constant, and possesses therefore a

fixed and definite value. The cause of this is that the disintegration
of radium takes place in a series of steps which have been carefully

investigated by many workers and the number of which is eight. The
most interesting of these steps is the second, which is produced from

radium and was formerly called the radium emanation. This behaves

like a gas of the argon group, i.e. it is a gas which is related to no other

element, which forms no compounds, and which possesses the maximum
specific heat found in the case of gases. By an investigation of extra-
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ordinary accuracy carried out with the help of a balance which allowed

of the determination of a millionth of a milligram, the density of the

gas was determined by Ramsay, who showed that the gas with the

atomic weight, calculated from the density, of roughly 220, belonged
to the group of the

"
noble

"
or indifferent gases. The other properties

of the gas, also, are quite in harmony with this determination.

816. Niton. This substance, radium emanation or niton, is

obtained from solutions of radium salts along with detonating gas
formed from the water. By exploding the detonating gas and removing
any excess of hydrogen present, the gas can be obtained pure and its

properties investigated. By means of liquid- air it can be condensed

to a luminous solid mass which again passes into the gaseous state on

being warmed. Tubes filled with the gas also become luminous
;
but

it is probably not the gas itself which is luminous but the walls of the

tube. For the rest, niton possesses the same fundamental property
as is shown by radium, viz. it is instable and disintegrates spontaneously.
In this process, a-rays are principally produced, and a solid substance

is formed which is a further disintegration product of radium or of niton.

The most remarkable property of niton is its exceedingly short life ;

l

a given quantity of the gas undergoing disintegration to half its amount
in 3-86 days. In all investigations of the gas, therefore, it must be

borne in mind that it is constantly and rather rapidly diminishing in

amount.
The other products formed successively from niton, together with

their properties so far as they are known, are given in the following
table. The period of half change is also given in each case.

Period of Half Change.

Radium . . . . . . . 2200 years
Niton (noble gas) . . . . . . 3-86 days
Radium A (solid, difficultly volatile) . . 3-0 minutes
Radium B (solid, readily volatile, soluble in HC1, and

precipitated by metals) . . . . 26-7

Radium Cx (insoluble in HC1) . . . . 19-5

Radium C2
1-38

Radium D (volatile under 1000 : similar to lead) ca. 17 years
Radium E 2 ....... 5-10 days
Radium F (Polonium) . . 140

It is evident from this table that we are dealing here with substances

all of which possess a much shorter life than radium itself. This

successive formation of different substances, all of which undergo

1 The "
period o'f average life

"
of a radio-active substance is given by the expression

-, where X is the "
disintegration constant

"
as given by the expression Iog 10 r

<= 0'4343X^.
A -Lfl

In this expression I t and I are the
"

intensities of radio-activity
"
at time t and initially.

The "
period of half change

"
is therefore given by the expression Iog 10 0'5:=0 <4343M

or *. = 0-6932 /^-Y [TR.]
\ A J

'2 There appears to be some uncertainty as to whether RaE is a single substance or a

complex of two substances. [TR.]
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spontaneous disintegration with production of rays of different kinds,

yields an explanation of the fact already mentioned that radium

preparations exhibit a smaller activity when freshly prepared than

they do later. The freshly prepared radium does not at first contain

the products of disintegration, and, consequently, the rays emitted

are those only of radium itself. The products of disintegration which

are formed gradually, accumulate in the preparation, in proportion to

their average life, and an approximately stationary condition is reached

only after the lapse of a month. In this state as much of the new

products undergo disintegration as is formed afresh from the radium.

Since all these products- have a much shorter life than radium, the

radiations which they emit are correspondingly more intense. The
radiation from an old specimen of radium is therefore the sum of the

radiations of all the products of disintegration of that element, and not

merely of radium alone, the radio-activity of which is represented,

approximately at least, by the radiation of the freshly prepared sub-

stance. The ideal, initial state of radium, however, cannot be experi-

mentally realised since, even in fresh preparations, traces of the first

products of disintegration are necessarily present.
817. Model of the Spontaneous Disintegration of the Radio-

active Elements. Imagine a gas under a definite high pressure placed
in a very large gas-holder, to which is attached a capillary tube through
which the gas can pass out with no opposing pressure. We have then

a model to illustrate the process of spontaneous disintegration of radio-

active substances, which also represents the time factor of the change
in harmony with the actual facts. For, as the gas escapes through the

capillary the driving pressure becomes smaller
; and since the velocity

of escape is proportional to the pressure, we obtain, for the outflow of

the gas, the same law as for the spontaneous decomposition of a radio-

active substance. Imagine, now, that the capillary is attached to a

second vessel from which, in turn, another capillary, of different length

however, leads to a third vessel, and so on. The different capillaries

are supposed to have lengths corresponding with the varying stability

of the different substances, and we imagine the gas to be flowing through
the capillaries from the first into the second vessel and so on to the

following vessels. The consequence will be that a stationary state will

gradually be reached in which the intermediate vessels will contain

approximately constant amounts of the gas. The amount of gas in a

vessel will be all the smaller the longer the inlet capillary and the shorter

the outlet. In the course of some time, therefore, there will be produced
in the vessels a series of pressures or concentrations corresponding with

the different resistances of the capillaries ;
and we thus obtain an

appropriate picture of the concentrations produced in the course of

time by the different products of disintegration of radium.

If this way of regarding the matter is correct, those preparations
which have remained undisturbed for a very long time will contain the
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different products in the proportions which should exist according to

the above law and to the varying velocities of spontaneous disintegration
of the products. Although it is rather difficult to obtain independent
data regarding these relationships, it can nevertheless be said that the

investigations which have been carried out have yielded results which
are in harmony with the above requirements. One also understands

how, as has already been indicated, the succession of disintegrations
must introduce considerable complexity into the production of radiations

with time, both in the original preparations as well as in the isolated

disintegration products. The gaseous emanation, more especially,
can readily be separated from radium by pumping, and the solid dis-

integration products are then deposited on the walls of the vessels into

which the niton has been led. This yields the induced radio-activity
which results from the further products of spontaneous disintegration.

By the careful study of the change with time of radiation from such

preparations, the analysis of the complete process as given above (p. 807)
has been arrived at.

818. The Origin of Radium. Since radium itself undergoes

disintegration in the course of a measurable although very long time,

decaying to half its amount in from two to three thousand years, the

question arises as to the source of the radium existing on the earth,

for, of course, it is reasonably certain that the earth has existed in its

present state for some millions of years. The answer is that radium is

most probably a disintegration product of uranium. Uranium is also

a radio-active element since the characteristic radiations are emitted

by it. Its radiation, however, is very much feebler than that of radium,
and consequently its life is correspondingly much longer. On the basis

of plausible assumptions which cannot be set forth here on account of

their complexity, one has sought to determine the average life of

uranium, and by comparing the life of uranium with that of radium

one has sought to calculate the ratio of uranium to radium which should

be found in uranium minerals, the ratio not being altered essentially

by any later influences. The result obtained agrees satisfactorily with

the amount of radium actually present in uranium minerals, so that

the assumption just made can also be regarded as having been experi-

mentally confirmed. To the family of radium given on p. 807 uranium

ought therefore to be added as the original parent. Uranium, however,

by no means passes directly into radium.

819. The Family of Uranium. From uranium a new element

was first of all separated, namely uranium X, which separates out with

the barium sulphate when this is precipitated from solutions of uranium

salts
;

it belongs presumably to the iron group. We obtain, therefore,

the following as the family of uranium.

Period, of average Life.

Uranium . . . ca. 1010
years

Uranium X . . . 35-5 days
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It is probable that radium is not formed directly from uranium X,
but that there is a little known, intermediate element called ionium.

820. Other Radio-active Series. Soon after the discovery of the

radio-active properties of uranium, radio-activity was also demonstrated

by C. Schmidt in the case of another element of high atomic weight,
thorium. The detailed investigation showed that thorium yields a

series of disintegration products exactly like uranium or radium.

There was this difference, however, that thorium does not yield an

element having such favourable characteristics as radium with its

fairly long but not too long average life. On the contrary, the dis-

integration products of thorium have all an exceedingly short life, so

that their existence can be detected only from the curves of growth
and decay of the radio-activity. The following table gives the relation-

ships found.

Period of average Life.

Thorium . . . . . . . ca. 1010 years
Mesothorium I. \ (found in the residues in the pre- 7-9

Mesothorium II. J paration of thorium) 8-9 hours
Radio-thorium (very similar to thorium)
Thorium X (soluble in ammonia)
Emanation (gas) ....
Thorium A (metal, precipitated by zinc)
Thorium B (metal, precipitated by nickel)
Thorium Cx . . . .

Thorium C2 . . . .

Thorium D .

(?)2-91 years
5-35 days

76 seconds
0-203

15-3 hours
79 minutes

4-5

Attention must be called to the noteworthy property that there is

also formed here an emanation, i.e. a gaseous product, which, from its

observed properties, also belongs to the argon series. It would seem,

therefore, that such an element is formed in .every case of spontaneous

disintegration.
Of the above-mentioned substances the most important is meso-

thorium I. Its life of 7-9 years renders it similar to radium, the velocity
of disintegration of which, however, it very greatly exceeds. In

consequence it emits a very powerful radiation. Moreover, since it

can be prepared relatively more easily and in greater abundance than

radium (the monazite residues obtained in the preparation of the

thorium salts used in incandescent mantles afford a convenient

source of the substance), mesothorium I. constitutes a good means
for producing the radiations and for studying and applying the

actions of these radiations both in chemistry and, more especially,
in medicine.

821. The Actinium Series. It has already been mentioned that

actinium belongs to the group of the rare earths, and must likewise be

regarded as the starting point of a series of decomposition products.
One has not, however, so far succeeded in preparing actinium of any
great degree of purity, and consequently it is only from the behaviour
of the curves of decay of the radiations that any knowledge has been
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obtained of the degradation of actinium. The following table gives a
list of the products :

Average Life.

Actinium ..... (?)
Radio-actinium (similar to actinium)
Actinium X (similar to barium) .

Emanation (gas of argon group) .

Actinium A (volatile at 400)
Actinium B (volatile at 700)
Actinium C .

Actinium D .

28-1 days
15

5-6 seconds
0-0029

52-1 minutes
3-10
7-4

We see from this table that an emanation is formed in this case

also. It is produced from actinium X and leads, in turn, to new forms
of actinium which are found to be solid substances with, on the whole,
a very short life. The longest life of all the derivatives of actinium

amounts to twenty-eight days, so that we are dealing here with very
unstable substances which can therefore be investigated with difficulty.

822. General Importance of these Results. The discovery of

the radio-active substances, and of their transformation into other

substances which have entirely the character of distinct elements or

of their oxides, salts, sulphides, etc., will exercise* a very great influence

on our theoretical views in chemistry, the final consequences of which

cannot yet be fully grasped. The chemical relationships hitherto

known had led (p. 88) to the law of the conservation of the elements, i.e.

to the law that every single element forms a group of compounds or

derivatives such that a derivative of a given element can never be

prepared without the help of that element or of one of its compounds.
As the last result of chemical analysis, therefore, the chemical elements

showed themselves to be inconvertible into one another. By the dis-

covery of the radio-active substances, however, this has been altered.

On the one hand radium has been found to be, in all its properties, a

well-characterised chemical element ;
and on the other hand, radium,

as the result of spontaneous change, ultimately yields helium,
1 an

equally well characterised element. It has therefore been proved

experimentally that the law of the conservation of the elements is not

universally valid, but that quite definite exceptions to it are met with

in the case of the radio-active elements, and it has therefore become

necessary to give a different form to the concept of an element. For,

although the definition as expressed formerly on the basis of the law

of the conservation of the elements remains valid for the majority of

the chemical elements for all, in fact, except the radio-active ones-

it has, nevertheless, become necessary to include the latter also in the

definition.

Further, the fact that the radio-active elements are found only

among those of very high atomic weight, makes it seem probable that

1 It has been proved conclusively that the a-rays are positively charged atoms of

helium. Helium, therefore, is not so much the final product of disintegration of radium

as a by-product formed at various stages of the disintegration. [TR.]
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radio-activity is a property not merely of these elements but also of

others, perhaps of all elements, but that the velocity of disintegration

becomes, perhaps, all the smaller the lower the atomic weight of the

element. This is one possibility. Another possibility is that only a

definite number of elements possess radio-activity, whereas the property
is completely wanting in others. We do not possess the means of

deciding this question, for it is obvious that although every new and
more sensitive method of detecting spontaneous disintegration may
possibly lead to the discovery of a number of new disintegrating ele-

ments, we shall yet scarcely be able to prove that by means of such

methods it can be definitely decided that a disintegration lasting over

many millions of years is, or is not, excluded.

Owing to the great difficulties met with in the investigation of the

separate disintegration products, due to the incredibly small amounts
of them present (their existence being detected chiefly by the analysis
of the radiation phenomena), it has hitherto been impossible to define

the chemical properties of all the newly discovered elementary sub-

stances with sufficient exactness to allow of the statement of any
general regularities existing between them. Consequently one can

merely express the presumption that a somewhat analogous series of

disintegration products will possibly be observed in the case of the

different substances. It may be mentioned, as a first indication of

such a regularity, that in each of the three families already described,

there occurs a noble gas of the argon type. In this case the character-

istic properties, viz. the gaseous state and the complete chemical

inactivity, render identification more easy than in the case of all the

other substances.

823. The Energy of the Radio-active Rays. The phenomena
described here are also of quite special importance in another direction.

Observations are not wanting which show that the presence of radio-

active substances has a most powerful influence on the chemical

relationships of other chemical substances. It has already been

mentioned that a solution of niton in water evolves detonating gas,

the energy which becomes free in the spontaneous transformation of

the niton effecting the decomposition of the water into its elements.

Of much wider import than this appear to be other statements, com-

municated by the illustrious investigator, William Ramsay, although
these have not yet received independent experimental confirmation.

They seem to point to the fact that by contact with radio-active sub-

stances there may be induced in other elements which do not, when

alone, undergo spontaneous change, transformations of the same kind

as in the case of radio-active substances, i.e. changes by which other

elements are produced.
On theoretical grounds one must say that it is to be expected that

the amounts of energy which are set free in the spontaneous disintegra-
tion of radium and of the allied substances, and which represent an
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extraordinary and incomparably greater concentration of energy than
is found in other processes, will produce effects out of comparison with
those produced by the usual and much less concentrated forms of

energy. The amount of energy developed in the transformation of

niton, and which can easily be measured by means of the heat evolved,

corresponds to the heat of combustion of a several million times greater
amount of detonating gas. In the former case the energy is therefore

millions of times more concentrated. This concentration of energy,
however, causes it to assume an exceptionally high potential or an

exceptionally high tension. The energy of the radio-active substances

represents therefore a form of energy under high tension and of corre-

spondingly great activity. The history of chemical discovery, however,
has shown that every increase in energy concentration which becomes
available at once renders possible the discovery of new chemical relation-

ships hitherto unattained. Thus, for example, the new and concentrated

form of energy of the electric current led, a hundred years ago, to the

decomposition of the alkalis and to the discovery of potassium and
sodium. Similarly, the high temperatures, amounting to between

3000 and 4000, which can be obtained by means of the electric arc,

have led to the discovery of a whole series of new and hitherto unknown

compounds. It is therefore quite in the order of things to look for new
and extraordinary results from the new and exceptionally highly
concentrated form of energy present in the radio-active substances.

The difficulties of such investigations are certainly very great owing
to the^inusually small amounts of substance available for examination.

On the other hand, however, the means at our disposal for experimenting
with such small quantities have considerably increased, and the know-

ledge of the general relationships obtained from the investigation of

the laws of chemical equilibria, adsorption phenomena, etc., enables

the investigator to find his way through this unknown territory more

easily and more surely than formerly. At all events we may expect
that the coming decades will give in many directions a new and un-

expected aspect to chemical science, and it is already clear that there

can be no talk yet awhile of an exhaustion of the possibilities of chemistry
even in its oldest branch, that of inorganic chemistry.
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behaviour during combustion, 80

Albite, 525, 588

Albuminoids, 341

Alcohol, ethyl, 432

methyl, 430

Alcohols, 430
Alkali chromite, 634

metals, 89, 9.6

mineral, 465

vegetable, 465

zincate, 653
Alkaline earth metals, 89, 96, 538

Alkaloids, 772

Allotropy, 125

Alum, 488, 585

burnt, 586

shale, 586

stone, 586

Alumina, 581

Aluminates, 582

Aluminion, 580

Aluminite, 585

Aluminium, 579

acetate, 589

amalgamated, 580

bromide, 584

chloride, 583
molar weight of, 584

synthesis with, 584

combining weight, 171, 578
double silicates of, 588

fluoride, 585

hydroxide, 581

iodide, 584

phosphate, 589

silicate, 587

sulphate, 585

basic, 585

Alums, group of the, 587

Amalgam, 101

ammonium, 531

potassium, 473

sodium, 358

tin, 103, 758

Amethyst, 448
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Amide of nitric acid, 373
of carbonic acid, 420

Amido-compounds, 371
Arnido-sulphuric acid, 372

Ammonia, 365

compound with calcium chloride,
547

compounds of iridium, 787
of mercury, 701

of platinum, 785
of rhodium, 788

refrigerator, 368
soda process, 523

Ammonion, 367, 531

Ammonium, 530

amalgam, 531

bromide, 533

carbonate, 535

chloride, 532
dissociation of, 533

hydrolysis of, 533

hydrosulphide, 535

hydroxide, 531

iodide, 533

magnesium phosphate, 567

nitrate, 534

decomposition of, 370

nitrite, 534

decomposition of, 370

phosphate, 534

platinichloride, 785

polysulphides, 536

sesquicarbonate, 535

sulphate, 534

sulphide, 535
as reducing agent, 536

thioaurate, 777

thiovanadate, 750

vanadate, 747

Amorphous substances, 158

Ampere, 221

Amygdalin, 443

Analysis, 203

indirect, 503

organic, elementary, 661

Analytical chemistry, 76
reactions of hydrogen sulphide,

302

Anatase, 759

Anglesite, 680

Anhydride, 237

Anhydrite, 550
Aniline black, 481

Anions, 220

Anode, 167

mud, 675

Anorthite, 588

Anthracene, 436

Anthracite, 407

Antichlor, 325, 518
Antimonic acid, 734

Antimonious acid, 735

chloride, 731

Antimony, 102, 729

allotropic forms, 730

alloys of, 737
butter of, 732

combining weight, 171, 729

complex compounds, 734

glance, 102, 732

golden sulphur of, 736

hydride, 736

hydroxide, 731

ions, 730

mirror, 737

pentachloride, 734

pentasulphide, 735, 736

tribromide, 732

trichloride, 731
tri fluoride, 732

tri-iodide, 732

trisulphide, 732

vermilion, 734

Antimonyl tartaric acid, 734

Apatite, 554

Apparatus for generating sulphuretted
hydrogen, 298

Aqua fortis, 349

regia, 362

Aragonite, 542

Archimedes, principle of, 36

Argenticyanidion, 713

Argention, 706

Argon, 95, 344, 461

combining weight, 171, 461

group, 89, 95

Argyrodite, 761

Arsenic, 94, 738, 739

acid, 745

amorphous, 738

combining weight, 171, 738

glass, 739

hydride, 744

mirror, 744

pentachloride, 746

pentasulphide, 746

pentoxide, 745

trichloride, 741

trioxide, 739

trisulphide, 742

white, 739
Arsenious acid, 740

Asymptotes, 121

Atacamite, 662

Atmosphere, 45, 111

Atom, 176
of negative electricity, 803

Atomic heat, 793

hypothesis, 175

volume, 797

weight, 176

Aurates, 776
'
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Auric hydroxide, 776

Auricyanidion, 777

Aurion, 775

Aurithiosulphuric acid, 779
Aurous chloride, 776

sulphide, 777

Avogadro, 178

Azote, 341

Azurite, 668

Balance, 32

Balloons, aerial, 134

Barion, 572

Barium, 97, 572

aurate, 776

carbonate, 574

chloride, 574

chroraate, 638

combining weight, 171, 572

cyanide, 494

dichromate, 638

ferrate, 609

nitrate, 575

oxide, 572

peroxide, 575

platinocyanide, 785

sulphate, 573

Baryta, 572

Barytes, 573

Base, 180
Bases and acids, 212

combining proportions of, 213

reciprocal estimation of, 214
Bath potential, 648

Bauxite, 582

Bell-metal, 758

Benzene, 436

Beryl, 576

Beryllion, 576

Beryllium, 97, 576

combining weight, 171, 576

hydroxide, 576

oxide, 576
Bessemer process, 616

Bismuth, 102, 725

chloride, 727

combining weight, 171, 725

hydroxide, 726

iodide, 727

nitrate, 726

oxide, 726

oxychloride, 727

pentoxide, 728

subnitrate, 726

sulphate, 726

sulphide, 727

thiosulphuric acid,\726
Bismuthic acid, 728

Bismuthion, 726

Bismuthyl, 727
Black ash, 521

Blast furnace, 615

Bleaching powder, 194, 547

decomposition by catalysts, 549
determination of available chlorine in,

548

Blende, 650, 655
Blood corpuscles, 615

Blow-pipe, 559

Bodies, 1

gaseous, 10

liquid, 10

properties of, 1

solid, 10

Boiler, incrustation, 546

Boiling, 52

point, 52
of solutions, 71

Bone-ash, 391, 553

Borax, 95, 459, 525

glass, 525

octahedral, 525

prismatic, 525
Boric acid, 458

Boron, 95, 457

combining weight, 171, 458, 578

nitride, 460

tribromide, 460

trichloride, 459

trifiuoride, 460
trioxide, 458

Boyle's law, 112
I Brass, 650

i Braunite, 620
!
Britannia metal, 737, 758
Bromic acid, 256

Bromidion, 255

Bromine, 91, 252

combining weight, 171, 257

hydrate, 253

oxyacids, 256

Bronze, 758

Brookite, 759

Bumping, 56
Bunsen and Graham's law of effusion,

138

burner, 437
flame of, 438

Burette, 214

Cadmion, 656

Cadmium, 99, 656

amalgam, 657

chloride, 656

combining weight, 171, 656

iodide, 656

sulphate, 656

sulphide, 657

Casium, 96, 527

combining weight, 171, 527

Calamine, 655

siliceous, 655
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Calcion, 539

Calcium, 97, 538, 539

acetate, 555

bicarbonate, 545

bromide, 549

carbide, 556

carbonate, 541

amorphous, 542
dissociation pressure, 543

chloride, 546

application for freezing mixtures,
547

compound with ammonia, 547

desiccating agent, 547

combining weight, 171, 560

cyanamide, 557

felspar, 588

fluoride, 549

hydrosulphide, 552

hydroxide, 540

hypochlorite, 547

iodide, 549

manganite, 622

metaphosphate, 555

migration of, 545

nitrate, 550

oxalate, 555

oxide, 540

phosphate, 553

plumbate, 685

polysulphides, 553

silicate, 557

sulphate, 550

sulphide, 552

Calcspar, 542

Calomel, 692

Calorie, 50, 188

rational, 50

small, 50

Caoutchouc, vulcanising of, 329

Carbamates, 422
Carbamic acid, 422

Carbamide, 421

Carbon, 405
circulation of, 418

combining weight, 171, 419

dioxide, 412

liquid, 416
solution in water, 416

disulphide, 440

hydrogen compounds of, 427

monoxide, 423

oxychloride, 421

oxysulphide, 442

tetrafluoride, 429

Carbonates, 417
Carbonic acid, 417

amides of, 421
derivatives of, 420
detection of, 420

snow, 416

Carbonisation, 405

Carbonyl chloride, 421

Carborundum, 456
Carburetted gas, 437

Carnallite, 96, 478, 564
Cassius, purple of, 775

Cast-iron, 594

grey, 596

white, 596

Cast-steel, 594

Catalysis, 150, 185

theory of, 781

transfer, 365

Catalysts, negative, 150

positive, 150

Catalytic actions, 682
of iron, 615
of oxides of nitrogen, 365
of platinum, 781
of vanadic acid, 750

Cathode, 219

rays, 803

Cathodoluminescence, 591

Cations, 219

Celestine, 571

Centimetre, 4

Centrifugal force, separation by, 18

Cerium, 98, 590, 591

combining weight, 171

Cerussite, 682

Chalcedony, 449

Chalk, 543
Chamber acid, 314, 362

Chameleon, mineral, 624
Characteristics of substances, 9

Charcoal, 405

adsorption by, 408

melting point, 407

sugar, 406

wood, 406
Chemical energy, 39

equilibrium, 51, 233, 353
influence of temperature on, 356

forces, 128, 143

processes, 6

changes of energy in, 187

changes of weight in, 24
heat effects in, 187
influence of temperature on the

velocity of, 110

quantity relations, 83

symbols, 173

values, 33

Chemistry, analytical, 76
fundamental law of, 1

organic, 94
Chili saltpetre, 346, 511

Chlorates, formation, 238
Chloric acid, 240

Chlorides, 200
of phosphoric acid, 394
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Chlorides of sulphur, 329
of sulphuric acid, 329

Chloridion, 217

Chlorine, 90, 193

available, in bleaching powder, 548
behaviour of dry, 196
chemical properties, 195, 199

combining weight, 171, 250

detonating gas, 204

dioxide, 248

hydrate, 198

monoxide, 237

oxidising action of, 202

oxygen compounds of, 231

peroxide, 248

photochemical effects, 203

preparation, 193, 194

properties of, 195, 199

solubility in water, 196
thermochemical relations of the

oxygen compounds of, 248

water, decomposition of, in light, 197

Chlorite, 248
Chlorocarborne acid, 421
Chlorochromic acid, 640

Chloroform, 429
Chloroformic acid, 421

Chloroiridanion, 787

Chloroiridosion, 787

Chlorophyll, 615

Chlorosulphonic acid, 330
Chlorous acid, 248

Chromanion, 636
Chromate as reagent for hydrogen

peroxide, 641
Chromate mixtures, light-sensitive, 639
Chrome alum, 636

iron-stone, 99, 634

orange, 680

red, 680

yellow, 680
Chromic acid, 636

acids, 636

chloride, 635

compounds, 634

hydroxide, 634

oxide, 634

sulphate, 635

Chromium, 99, 632

combining weight, 171, 632

metallic, 632

passive, 633

trioxide, 637
Chromous acetate, 634

chloride, 634

compound, 633

hydroxide, 634

oxide, 634

Chromsulphuric acids, complex, 636

Chromyl chloride, 640

fluoride, 641

Cinnabar, 698

hepatic, 699

Claudetite, 740

Clay, 98, 587

firing of, 587

Cleveite, 463

Coal, 407

brown, 407

gas, 407, 436

Cobalt, 99, 642

ammonia, 645

catalysis with, 235

chloride, 643

combining weight, 171, 642

complex salts, 645

hydroxide, 643

metallic, 642

nitrate, 643

silicates, 644

sulphate, 644

sulphide, 644
Cobaltic salts, 645

Cobalticyanidion, 645

Cobaltinitrosion, 645

Cobaltocyanidion, 645

Coke, 407
Collodium process, 711

Colloid, 22
Colloidal ferric hydroxide, 602

gold, 775

platinum, 782
silicic acid, 450

silver, 706

solutions, 450
of arsenious sulphide, 743

sulphur, 328

Colour, 5, 9

of solid substances, 10

Combining proportions, law of constant,
84

Combining weight of aluminium, 578

antimony, 729

argon, 461

arsenic, 738

barium, 572

beryllium, 576

bismuth, 725

boron, 458, 578

bromine, 257

cadmium, 656

caesium, 527

calcium, 560

carbon, 419

cerium, 171

chlorine, 250

chromium, 632

cobalt, 642

copper, 659

erbium, 171

fluorine, 267

gadolinium, 171
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Combining weight of gallium, 751

germanium, 171

gold, 775

helium, 463

hydrogen, 170

indium, 752

iodine, 257

iridium, 787

iron, 594

krypton, 463

lanthanum, 578

lead, 677

lithium, 527

magnesium, 172

manganese, 618

mercury, 689

molybdenum, 771

neodymium, 172

neon, 463

nickel, 642

niobium, 750

nitrogen, 341

osmium, 789

oxygen, 171

palladium, 786

phosphorus, 172, 382

platinum, 774

potassium, 466

praseodymium, 172

radium, 172

rhodium, 788

rubidium, 527

ruthenium, 790

samarium, 172

scandium, 578

selenium, 335

silicon, 447

silver, 706

sodium, 526

strontium, 570

sulphur, 332

tantalum, 750

tellurium, 339

terbium, 172

thallium, 724

thorium, 762

thulium, 172

tin, 754

titanium, 760

tungsten, 769

uranium, 765

vanadium, 750

xenon, 463

ytterbium, 578

yttrium, 578

zinc, 651

zirconium, 761

Combining weights of compounds, 169
choice of, 791
of the elements, 171

law of, 168

Combustible substances, existence of
,
109

Combustion, 78
of hydrogen, 141

slow, 110
without oxygen, 199

Complementary colour, 9

Complex acids of molybdenum, 771
of tungstic acid, 769

ammonia compounds of iridium, 787
of platinum, 785
of rhodium, 788

ions, 464
silver compounds, 716

Complex compounds of platinum, 783

Complex salts, 565
in the voltaic cell, 714

Compound, 83, 86

organic, 94

saturated, 431

unsaturated, 434

Compressibility of water, coefficient of,

157

Concentration, 143
of energy, 813

Concepts, 2

Condensed acids, 459
Condensed stannic acids, 756

vanadic acids, 748

Conditions, 5

Conductors, 218

Conservation, laws of, 24
of energy, 31
of mass, 26
of matter, 26
of the elements, 88
of weight, 26
of work, 28

Constituents, 83

Constitution, 397
Constitutional formulae, 330

Continuity, law of, 154

Co-ordinates, 118

Copper, 100, 658

acetate, 668

black, 675

carbonate, 668

combining weight, 171, 659

compounds, complex, 674

ferrocyanide, 669

glance, 674

group, 89, 100

hydroxide, 660
ions of, 659

metallurgy, 675

nitrate, 668

ore, red, 672

variegated, 675

sulphate, 662

sulphide, 668

vitriol, 662
Corrosive sublimate, 694
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Corundum, 582

Coulomb, 221

Counter-currents, 74, 484

Coupled reactions, 231

Covellite, 668

Covering power of pigments, 653
Critical density, 415

phenomena, 413

point, 414

pressure, 415

temperature, 415

volume, 415

Croceo-salts, 647
Crude iron, 616

Cryolite, 585

Crystalline forms, derived, 292

substance, 158

Crystallisation, 281
of mixed salts, 245

Crystals, 289
forms of, 289

properties of, 292

symmetry of, 290

systems of, 291
Cubic centimetre, 5

Cupric chloride, 661

hydroxide, 660

sulphide, 668

Cuprous bromide, 673

chloride, 672

compounds, 671

cyanidion, 675

hydroxide, 672

iodide, 673

oxide, 671

sulphide, 674

thiocyanate, 674

Cyanic acid, 445

Cyanidion, 443

Cyanogen, 442

compounds of iron, 609

Cyanuric acid, 445

Daguerre, 711

Dalton, 176
law of, 113

Dalton' s law of partial pressures, 136

Daniel! burner, 145

cell, 664
Deacon's process, 194

Decimetre, 4

Decomposition, 83
of water, electrolytic, 166

Deduction, 84

Deliquescent substances, 180

Densities of solid bodies, 37

Density, 35

critical, 415
determination of, 35
influence of pressure on, 38
influence of temperature on, 38

Density, of a substance, 5
of oxygen, 110, 121
of water, 153

Desiccating agent, calcium chloride as,
547

Desiccator, 161

Detonating gas, 148

Developer, 517

Development, 710

Devitrification, 558

Dialysed iron, 603

Dialysis, 450

Diamide, 374

Diamond, 411

artificial, 411

Diaspore, 582
Diatomaceous earth, 449

Diatoms, 449
Dibasic acids, 295
Dicalcium phosphate, 554

Dichromanion, 639
Dichromic acid, 637

Dichromion, 633

Dicobaltion, 643

Dicuprion, 659

Diferrion, 596

Diffusion, 136, 252

Dimanganion, 619

Dimensions, 4

Dimercurammonium, 702

Dimercurion, 690

Dinitropyrosulphuryl, 362

Dipalladion, 786
Disodium phosphate, 523

Displacement, 128

Dissociation, electrolytic, 225
difference in, 270

hydrolytic, 276
of electrolytes, 224
of iodine vapour, 259
of salts, 274

Distannion, 754

Distillation, 73

dry, 407

fractional, 185
under diminished pressure, 185

Distribution, law of, 258
and law of solution, 300

Disulphaminic acid, 372
Dithionic acid, 326

Divanadion, 749

Dobereiner, 781

Dolomite, 97, 567
Double salts, 564

Drying gases, 131

process of, 161

Dulong, 165, 793

Earth metals, 578, 590

Efflorescence, 293

Effusion, Graham and Bunsen's law, 138
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Effusion, velocity of, 137
Electrical deposition of metals, 647

energy, 39

potential, 665

units, 220

work, 665

Electricity, amount of, 221
atoms of negative, 803

Electrodes, 218

Electrolysis, 167, 218
of magnesium chloride, 561

primary and secondary products of,

222

Electrolytes, 167, 218
dissociation of, 224

Electrolytic decomposition of water, 166

dissociation, difference of, 270

precipitation, 669

solutions, 225

Electron, 803

Electroplating, 647

Electrotyping, 663

Element, concept of, 87

Elements, 87

bivalent, 402

combining weights of, 171

conservation of, law of, 88
historical discussion, 104

prediction of the properties of

unknown, 797

quadrivalent, 402

quinquevalent, 402

radio-active, 89, 103, 800

spontaneous disintegration of, 805
table of the, 88

tervalent, 402

Elutriation, 16

Emery, 582

Emulsions, 20

Enantiotropy, 283

Energy, 29, 38

changes in chemical reactions, 187

chemical, 29, 40

concentration, 813
conservation of, 39

content, 190
of ions, 218

electrical, 40
fo'rms of, 29, 38

free, 236
heat as, 39

kinetic, 29

latent, 236
of radio-active rays, 804, 812
sources of, 419

surface, 408

total, 236

volume, 43

Enzymes, 422

Epsom salts, 97

Equations, chemical, 174

Equilibrium, chemical, 51, 233, 353

constant, 470
influence of solid substances on, 145

temperature on, 356
labile (unstable), 49
law of, 61

solution, 469

stable, 59
states of, 59

Erbium, combining weight, 171

Erg, 31, 190

Error, experimental, 7

Ester, 431

Etching glass, 455

Ethane, 432

Ether, 433

ethyl, 433

Ethylene, 434

bromide, 434

chloride, 434
Eutectic mixtures, 719

point, 720

Evaporation, 178

Exciting salt, 533

Expansion, coefficient of, 114, 120, 156
law of, 119
of gases, 119

Experience, 2

Explosive properties, 187

Explosives, 534

Extensity, 35
of water vapour, 160

Extrapolation, 155

Faience, 588

Faraday, first law of, 220
second law of, 221

Fats, 94

Fehling's solution, 675

Felspar, 588

Fermentation, 417

Ferments, 422

Ferrates, 609
Ferric acetate, 607

acid, 609

bromide, 605

chloride, 604

fluoride, 606

hydroxide, 602

colloidal, 602

iodide, 605

oxalate, 614

phosphate, 608

salts, 604

sulphate, 606

thiocyanate, 607

Ferricyanides, 612

Ferricyanidion, 612

Ferrite, 609

Ferrocyanidion, 610
Ferrosoferric oxide, 604
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Ferrous ammonium sulphate, 601

bromide, 601

carbonate, 601

chloride, 601

hydroxide, 599

iodide, 601

oxalate, 613

selenide, 335

sulphate, 600

Fire-air, 81

Firing of clay, 588

Fixing, 518

Flame, temperature of, 189

Flasks, distilling, 73

Flaveo-salts, 647

Flint, 448

Flue-dust, 313

Fluorescence, 550

Fluoridion, 268

Fluorine, 90, 266

combining weight, 171, 267

Fluorotitananion, 759

Fluorspar, 90, 267

Foam, 21

Force, 31

Forces, chemical, 128, 143

Formamide, 444
Formic acid, 426

Formulso, chemical, 173

Fossils, 546
Free energy, 236

Freedom, degrees of, 49, 117

Freezing mixtures, 159, 547

application of calcium chloride for, 547

Freezing-point, relations between the

changes of vapour pressure and the,
163

Fuming of substances in air, 211

Functions, linear, 120
of the first degree, 120

Furnace, electrical, 556
Fusion by pressure, 58

heat of, 49

Gadolinium, combining weight, 171

Galena, 101, 683
Gallic chloride, 751

hydroxide, 751

sulphate, 751

Gallion, 751

Gallium, 102; 748, 751

alum, 751

combining weight, 171, 751

Gas, 10

burette, 344

constant, R, 133

holder, 147

ideal, 134

law, 133

general, 116

laws, geometricalrepresentation of, 1 18

Gas, liquor, 436
tar, 436

Gaseous state, passage of liquids into

the, 50

Gases, drying of, 131

dusty, 19

expansion of, 119

permanent, 351

solubility of, 299

velocity of effusion, 137

Gasometer, 147

Gay-Lussac, law of, 113

tower, 314, 362

Geological reactions, 451
German silver, 99, 647

Germanium, 103, 758, 760

chloroform, 761

combining weight, 171

dioxide, 761

hydride, 761

mirror, 761

sulphide, 761

tetrachloride, 761

Gilding, electro-, 778

Glass, 450, 525, 558

blowing, 559

coloured, 560

etching of, 455

gold-ruby, 775

Jena, 559

manufacture, 559

uranium, 767

ware, 558

window, 558
Glauber's salt, 96, 512

Glaze, 588
Glover tower, 362

Glucinium, 576

Gold, 103, 774

chloride, 776
double salts, 776

colloidal, 775

combining weight, 171, 775

compounds, 775

complex, 777

hydroxide, 776

metallurgy, 779

salt, 776

solubility in aqua regia, 775

Graduation, 507

Gram, 27

Graphite, 410

artificial, 410
as lubricant, 411

Gunpowder, 492

Gypsum, 97, 551
dead burnt, 551

Haematite, 603

Haemoglobin, 424

Halogens, 90
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Halogens, general remarks on, 276

thermochemistry, 278
Hard lead, 737

solder, 525
Hardness of water, 546

Hartshorn, spirit of, 368

Hausmannite, 620
Heat of formation, 192

of water, 188
of fusion, 49
of neutralisation of halogen acids, 278
of solidification, 49
of solution and solubility, 243
of vaporisation of liquids, 53
unit of, 50

Heavy spar, 573

Helium, 96, 463

combining weight, 171, 463
formation from radium, 805, 811

Henry, law of, 299
Hermetical sealing, 26

Heterogeneous states, 415

Hexagonal system, 292
Hexavanadic acid, 747

Homogeneous substance, 12

Homologous series, 432

Horn-silver, 708

Hour, 4

Hydrargillite, 582

Hydrates, 163

Hydrazine, 374

Hydrazoic acid, 375

Hydriodic acid, 260, 262

preparation, 261

Hydroaurichloric acid, 776

Hydrobismuthiodic acid, 727

Hydrochloric acid, 206

Hydrocobalticyanic acid, 645

Hydroferrocyanic acid, 610

Hydrofluoric acid, 267

Hydrogen, 90, 126
and palladium, 786
behaviour at high pressures, 135

bromide, 253

chloride, 200
and water, 209

composition, 202

preparation, 200, 201, 204

properties, 207

thermochemistry, 227

combining weight, 170, 171
combustion of, 141

compounds of carbon, 427

cyanide, 443
detection of, 444, 611

fluoride, 267

iodide, 260

liquid, 135

peroxide, 181
chromate as reagent for, 641
heat of decomposition of, 190

Hydrogen peroxide, occurrence in oxida-

tions, 678

preparation, 184

solid, 181
titanic acid as reagent for, 760

persulphide, 305

properties, 132

selenide, 335

solid, 136

spectrum, 139

sulphide, 294, 305, 608

analytical reactions of, 302
as reducing agent, 303

evolution, theory of, 301
salts of, 297

strength of, 301

thermochemistry, 305

telluride, 339

Hydrogermanifluoric acid, 761

Hydroindichloric acid, 752

Hydrolysis, 275, 331
of ferric chloride, 605
of salts of polybasic acids, 297

Hydromanganicyanic acid, 631

Hydromanganocyanic acid, 631

Hydromercurichloric acid, 696

Hydrometer, 37

Hydro-osmichloric acid, 789

Hydropalladichloric acid, 786

Hydropalladochloric acid, 786

Hydroplatinichloric acid, 783

Hydroplatinocyanic acid, 785

Hydroruthenichloric acid, 790

Hydrosilicofluoric acid, 454

Hydrostannichloric acid, 756

Hydrosulphides, 296

Hydrosulphurous acid, 322

Hydrotitanofluoric acid, 759

Hydroxyl, 180

Hydroxylamine, 374

Hydrozircofluoric acid, 762

Hyperbola, 121

Hypochlorites, 232

decomposition, 234

Hypochlorous acid, 232

properties of, 234

Hypoiodites, 263

Hyponitrites, 358

Hyponitrous acid, 358

Hypophosphites, 398

Hypophosphoric acid, 399'

Hypophosphorous acid, 398

Hyposulphuric acid, 326

Hypothesis, 175

Ice, 157

application of, 159

density of, 157
heat of fusion, 159
influence of pressure on its melting

point, 58
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Ice, vapour pressure of, 163
Iceland spar, 543

Impurities, 70
Incandescent light, 437, 763

mantles, 763

Indigo copper, 668

Indium, 102, 750, 751

chlorides, 752

combining weight, 171, 752

hydroxide, 752

sulphate, 752

sulphite, basic, 752

trichloride, 752

Induction, 8

Industry, sources of energy in, 419

Ingot iron, 617

Interpolation, 155

lodates, 264
lodic acid, 264

lodidion, 262

Iodine, 91, 257

combining weight, 171, 257

monochloride, 265

oxy-compounds, 263
tincture of, 257

trichloride, 266

vapour, 258
dissociation of, 259

Ions, 216
actual and potential, 272

complex, 464

bivalent, 538

energy content of, 218
heat of formation of, 228
influence of like ions on the solubility

of salts, 469
nomenclature of, 226
of dibasic acids, 296

Iridium, 103, 786

combining weight, 171, 787

complex ammonia compounds, 787

Iridochloridion, 787

Iron, 98, 593

alum, 606

carbide, 594

carbonyls, 614

catalytic actions of, 615

combining weight, 171

combustion of, 78

commercial, 594

cyanogen compounds of, 609

galvanised, 650

glance, 603

group, 89, 98
ions of, 596

metallurgy of, 615

ore, brown, 603

ore, magnetic, 604

pyrites, 609

salts, compounds of, with nitric oxide,

613

Iron sulphide, 608

thermochemistry, of, 615

vitriol, 600

wrought, 594

Isomerism, 217

Isomorphism, 336, 792

Isomorphous mixture, 565

Isotherm, 413

Jacinth, 762

Jasper, 449

Joule, 50

Kainite, 565

Kalion, 466
behaviour of hydroplatinichloric acid

to, 783
behaviour of tartaric acid to, 471
reactions of, 467, 471

Kaolin, 587

Kermes, 733

Kieselguhr, 449

Kieserite, 564

Kilogram, 32
Kilojoule, 50

Kilometre, 4

Kilowatt, 666
Kinetic energy, 29

Kipp's apparatus, 130

Krypton, 463

combining weight, 171, 463

Labradorite, 589

Laming' s mixture, 611

Lanthanum, 98, 590, 591

combining weight, 171

Lapis lazuli, 589

Law, 8

fundamental, of chemistry, 1

Lead, 100, 677

acetate, 681

bromide, 679

carbonate, 682

chloride, 67~*
chromate, 680

combining weight, 171, 677

hydroxide, 678

iodide, 679

metallurgy of, 687

nitrate, 679

oxide, 677, 679

pencils, 410

peroxide, 683

quadrivalent, 683

red, 684

sugar of, 681

sulphate, .679

sulphide, 6&9-

tetrachloride, 684

vinegar of, 682

vitriol, 680
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Lead, white, 682
Leaden-chamber crystals, 361
Leblanc process, 520
Leclanche cell, 623

Light, chemical strength of, 614

decomposition of chlorine water in,

197

Light-sensitive chromate mixtures, 639

Lime, burning of, 543

light, 146
milk of, 540

paste, 540

slaked, 540

slaking of, 541

water, 540

Limestone, 97, 543

Limiting law, 134
Linear functions, 120

Liquid bodies, 10

-gas mixtures, 20

-liquid mixtures, 19

Liquids, boiling-point of, 52
heat of vaporisation of, 53

neutral, 213

passage of, into the gaseous state, 50

superheated, 56

turbid, 16

Litharge, 101, 679

Lithion, 529

Lithium, 96, 529

carbonate, 529

combining weight, 172, 527

fluoride, 529

hydroxide, 529

nitrate, 529

phosphate, 530

sulphate, 529

Litmus, 178

Litre, 5

Loam, 587
Luminescence of phosphorus, 381
Lunar caustic, 101, 708

Lustre, 10
Luteo-cobalt salts, 647

Machines, ideal, 28

Magnalium, 580

Magnesia, 97, 563

alba, 566

calcined, 563

mixture, 568

Magnesion, 562

Magnesite, 566

Magnesium, 97, 561
ammonium phosphate, 562, 567

carbonate, 566

chloride, 563

combining weight, 172

electrolytic preparation of, 561

hydrosulphide, 568

hydroxide, 562

Magnesium light, 561

nitride, 569

oxide, 562

phosphates, 567

platinocyanide, 785

silicates, 568

sulphate, 564

sulphide, 568

Magnetic iron ore, 604

pyrites, 608

Malachite, 668

Mangananion, 623

Manganates, 624

Manganese, 98, 618

combining weight, 172, 618

complex compounds, 631

glass, 622

heptoxide, 626

liquors, regeneration of, 622

metallic, 618

peroxide, 618, 621

spar, 619

tetrachloride, 621

Manganic acid, 624

chloride, 620

compounds, 620

hydroxide, 620

Manganite, 620

Manganous borate, 620

carbonate, 619

chloride, 619

hydroxide, 619

oxide, 619

sulphate, 619

sulphide, 619

Marble, 97, 543
Mariotte bottle, 55

Marl, 587

Mass, 27, 30, 31

action, 143, 598
law of, 355

conservation of, 26
unit of, 30

Matches, 383

safety, 384, 481

Matter, conservation of, 27

Measuring cylinder, 216

flask, 215

Melting-point, 47
influence of pressure on, 58

Mercurammonium, 702

Mercurdiammonium, 702
Mercuric bromide, 696

chloride, 694

cyanide, 699

fluoride, 697

iodide, 696

nitrate, 690, 693

oxide, 693

decomposition of, 81

salts, 693
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Mercuric sulphate, 694

sulphide, 697

Mercuricyanidion, 700
Mercurous chloride, 692

compounds, 691

nitrate, 690

oxide, 691

sulphate, 691

Mercury, 101, 688
ammonia compounds, 701

combining weight, 172, 689

complex compounds, 700

complex nitrogen compounds, 701,
703

sulphur compounds, 703

ions, 690
molecular heat of, 462

oxychlorides, 696

thermochemistry of, 704

trough, 207, 688

Mesothorium, 810
Metaboric acid, 459

Metals, 89

chemistry of, 464
electrical deposition of, 647

general remarks on the chemistry of,

464

noble, 100, 774

polyvalent, 298

potential series of, 667
solution in nitric acid, 659

Metantimonic acid, 735

Metaphosphoric acid, 390, 393
Metastable limit, 711

region, 515
Metastannic acid, 756

Metatungstic acid, 769
Metavanadic acid, 748

Meteorites, 593

Methane, 427, 555
derivatives of, 428

Methenyl, 430

Methyl, 430, 431

alcohol, 430

chloride, 431

Methylene, 430

chloride, 429

Metre, 4

Mica, 589
Microcosmic salt, 534

Micron, 4

Mildew, 674
Milk glass, 560

Milliampere, 221

Millimetre, 4
Mineral waters, 417

Miniature, 684

Minium, 684

Mist, 21, 57
Mixed crystals, 336

Mixtures, 12

Mixtures, application of solution to the

separation of, 75
constant boiling, 210
constituents of, 12

eutectic, 719

isomorphous, 565
kinds of, 13

liquid-gas, 20

liquid-liquid, 19

properties of, 21

separation of, 14

by fusion, 63

by vaporisation, 63

solid-gas, 18

solid-liquid, 16

solid-solid, 14
Molar weight, 132, 177, 792

Mole, 184
Molecular heat, 463

hypothesis, 176

weight, 133, 177

Molecule, 177

Molybdenum, 99, 765, 771

chlorine compounds of, 772

combining weight, 172, 771

complex acids, 771

glance, 773

oxychlorides, 773

trioxide, 771

trisulphide, 773
Monocalcium phosphate, 554
Monoclinic system, 291

Monocuprion, 659

Monomercurion, 690

Monothallion, 722

Monotropy, 283

Mordant, 589, 756

Mortar, 15, 544
Mosaic gold, 757
Mother liquor, 490

Naphthalene, 436, 437

Naples yellow, 679

Natrion, 500

Nature, laws of, 2

Negative, 711

Neodymium, 98, 590, 592

combining weight, 172

Neon, 96, 463

combining weight, 172

Nessler's reagent, 702

Neutralisation, 213
Neutral salts, 296

Nickel, 99, 642, 647
ammonia ions, 648

carbonyl, 649

combining weight, 172, 642

cyanidion, 649

hydroxide, 648

oxide, 648

plating, 647
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Nickel sulphate, 648

Nickelion, 648
Nickelous cyanide, 649

Niobium, 102, 748, 750

combining weight, 172, 750

oxychloride, 750

pentachloride, 750

pentoxide, 750

trichloride, 750

Niton, 807

Nitrates, 345, 349
Nitric acid, 345

action on metals, 348
amide of, 373

anhydride, 350
chemical properties of, 347

fuming, 364
heat of formation, 350
identification of, 349
salts of, 349
solution of metals in, 659

Nitric oxide, 350

compounds with iron salts, 351, 613
Nitrile, 444

Nitrites, 357

Nitro-compounds, 359, 362

organic, 360

Nitrogen, 92, 341

bacteria, 376

combined, 376

combining weight, 172, 341
detection of the oxy-compounds of,

351

organic, 376

oxy-compounds of, 345

catalytic actions of, 363

oxygen-hydrogen compounds, 373

pentoxide, 350

peroxide, 352
heat of formation, 355

preparation, 354
trioxide, 358

Nitrolim, 557

Nitrosulphonic acid, 361

Nitrosyl chloride, 363
Nitrous acid, 357

air, 351

anhydride, 357

oxide, 359

Nitryl chloride, 363

Non-conductors, 218

Non-metals, 89
Normal pressure, 111

salts, 296

solutions, 215

temperature, 111

Ofvivak, 593

Oligoclase, 589

Olivine, 568

Opal, 449

Ordinates, 119

Organic chemistry, 94

nitrogen, 376

Orpiment, 742
Orthoantimonic acid, 735
Orthoboric acid, 458

Orthoclase, 589

Orthophosphoric acid, 390
Orthosilicic acid, 449
Osmic acid, 789

Osmiridium, 788

Osmium, 103, 788

combining weight, 172, 789

hydroxide, 788

tetroxide, 789
Osmotic pressure, 669

laws of, 670
Outer world, 2
Oxalates of iron, 614
Oxalic acid, 439

Oxidases, 620

Oxidation, 164
of phosphorus in air, 380

Oxidations, occurrence of hydrogen
peroxide in, 678

Oxides, 109

Oxidising agents, 182, 347, 598, 629
flame of the Bunsen burner, 438

Oxygen, 91, 106
and ozone, 125

combining weight, 172
combustion in, 108

commercial, 122

density, 121
from potassium chlorate, 106

liquid, 122

physical properties, 110
reaction of, 107

Oxy-hydrogen flame, 145

Ozone, 123, 382
and oxygen, 125

Palladium, 103,, 785

chloride, 7$6

combining weight, 172, 786

hydride, 786

nitrate, 786
Partial pressures, Dalton's law of, 136
Passive state of chromium, 633
Pentathionic acid, 326, 328

Perchlorates, 246
Perchloric acid, 245
Perchromic acid, 641

Periodates, 265
Periodic system, 794

incompleteness of, 799
Permanent white, 574

Permangananion, 623

Permanganate, use in volumetric

analysis, 627

Permanganic acid, 625
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Permanganic acid, pure, 626

anhydride, 626

Perpetuum mobile, 39
of the first kind, 61
of the second kind, 61

Perruthenates, 789

Persulphuric acid, 321

Petroleum, 432
Phase law, 198

Phases, 48, 57, 67

Phenol, 436

Phenolphthalein, 178

Phosgene gas, 421

Phosphanion, 392

Phosphates, 391

Phosphomolybdic acid, 772

Phosphonium, 385

iodide, 385

Phosphorescence, 553

by cathode rays, 591

Phosphorescent paint, 553

Phosphoric acid, 390
neutralisation of, 392
volumetric determination of, 766

Phosphorite, 553

Phosphorous acid, 395

Phosphorus, 93, 377

allotropic forms of, 378

combining weight, 172, 382
combustion of, 108

fluoride, 388

halogen compounds of, 386

hydride, 384

liquid, 385

solid, 385
lower oxides of, 399
luminescence of, 380

oxychloride, 371

pentabromide, 388

pentachloride, 386

pentafluoride, 388

pentoxide, 389

preparation, 377, 555.

red, 378

subiodide, 388

sulphochloride, 400

sulphur, compounds of, 399
transformation of, 379

tribromide, 388

trichloride, 386

tri-iodide, 388

vapour, 382

white, 378
Photochemical actions, 197, 206

Photochemistry, 197

Photographic plates, development of,

710

prints, toning of, 779

Photography, 710, 711

Photometer, chemical, 614, 695

Physical phenomena, 6

Physical state, 10

change of, 42
influence of temperature on, 11

Pinch-cock, 130
Pink salt, 756

Pipettes, 36, 215

Pitchblende, 767
Plaster of Paris, 551
Plastic mass, 16

Platinates, 784
Platinic hydroxide, 784

Platinochloridion, 784

Platinocyanidion, 785

Platinotype, 784
Platinous chloride, 784

hydroxide, 784

Platinum, 103, 780

black, 782

catalytic actions of, 781

combining weight, 172, 774

complex compounds, 783

metals, 774

sponge, 781

tetrachloride, 783

Plumbion, 677
Poison -flour, 740
Poisonous action of mercury salts, 694

Polarisation, 648

Polonium, 801

Polymolybdic acids, 771

Polymorphism, 266

Polysulphides, 305

Polythionic acids, 326

Porcelain, 588

Potash, caustic, 475

Potashes, 96, 484

Potassamide, 496

Potassium, 96, 464

amalgam, 474

argenticyanide, 713

aurate, 776

auricyanide, 777

bicarbonate, 486

bisulphate, 488

bromate, 483

bromide, 478

carbonate, 484

chlorate, 479

oxygen from, 106

chloride, 478

chromate, 99, 636

combining weight, 172, 466

cyanate, 495

cyanide, 494

dichromate, 638

ferrate, 609

ferrocyanide, 610

ferri-oxalate, 614

ferro-oxalate, 614

fluoride, 479

fluorothorate, 764
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Potassium fluotantalate, 750

hydride, 496

hydrosulphide, 489

hydroxide, 473
chemical properties of, 476

iodate, 483

iodide, 478

iridochloride, 787

manganicyanide, 631

manganocyanide, 631

nitrate, 490

nitrite, 493

oxalate, 495

perchlorate, 482

permanganate, analytical application
of, 627

peroxide, 496

persulphate, 488

platinichloride, 783

platinochloride, 784

platinocyanide, 785

platinonitrite, 785

polysulphides of, 490

pyrosulphate, 488

pyrosulphite, 489

silicate, 493

silicofluoride, 493

sulphate, 488

sulphide, 489

sulphite, 489

tetroxalatc, 495

thiocyanate, 495

titanate, 759

Potential, 221

ions, 272
of cells, 666
series of the metals, 667

Potter's earth, 587

Praseodymium, 98, 590, 592

combining weight, 172

Praseo-salts, 647

Precipitate, fusible, 702

infusible, 702

Precipitation, theory of, 470

Pressurej^absolute unit of, 45

atmospheric, 45, 111

coefficient, of, 116

critical, 415
influence of, on density, 38

on melting point of ice, 58
on solubility, 242
on the melting point, 58
on the transition point, 282
on the density, 38
on the solubility, 242

measurement of, 44

normal, 111
of luminescence, 381

osmotic, 669
laws of, 670

Primary salts, 296

Prints, photographic, 708
Prior formation of less stable forms, 235,

515

Processes, chemical, 6

reversed, 142

spontaneously occurring, 236

Propane, 432

Properties, 5
as characteristics of a substance, 7

exactness of law of, 6

of bodies, 1

of mixtures, 21

of unknown elements, prediction of

the, 797

specific, 1, 5

systematisation of the physical, 797

Protoplasm, 377
Prussian blue, 611
Prussiate of potash, yellow, 610
Prussic acid, 443

Pseudomorphs, 281

Pseudosolutions, 450

Purpureo-salts, 647

Pyrites, 609

Pyroantimonates, 735

Pyrolusite, 81, 99, 107, 194, 621

Pyrophosphoric acid, 390, 393

Pyrosulphuric acid, 319

Pyrosulphurous acid, 310

Pyrosulphuryl chloride, 332

Pyrotechnics, 571, 575

Quadratic system, 291

Quartz, 95, 448

glass, 450

sand, 448

Quicklime, 541

R (gas constant), 133

Radicles, 430

Radioactinium, 811
Radio-active actions, 801, 804

source of energy of, 804

elements, 89, 103, 800
model of the disintegration of, 808

rays, energy of, 812

substances, average life of, 807
law of disintegration of, 806

stages of disintegration of, 806

Radio-activity, 800
of thorium compounds, 764

Radio-thorium, 810

Radium, 802

combining weight, 172

emanation, 807

family, 807

origin of, 809

production of helium from, 805, 811

special properties of, 802

Rays, a-, /3-, and 7-, 803

canal, 803
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Rays, cathode, 803

Rontgen, 800

ultraviolet, 197

Reaction, heat of, 190
law of, 59, 355

Reactions, 79

coupled, 231, 382

geological, 451

intermediate, 682

successive, law of, 235

Reagents, 79

Realgar, 746

Recrystallisation, 244
Red fire, 571

Reducing agents, 629

flame, 438

Reduction, 164, 598

Refrigerating machines, 368

Regular system, 292

Retarders, 150

Retort, 73
Reversed processes, 142

Rhodium, 103, 787
chlorine compounds of, 788

combining weight, 172, 788

complex ammonia compounds of,

Rhombic system, 291
Rider for balance, 34
Rock crystal, 448

salt, 506

Rontgen rays, 800

Rubidium, 96, 527

combining weight, 172, 527

Ruby, 582

Rupert's drops, 560

Rusting, 593

Ruthenates, 789

Ruthenio-chloridion, 790

Ruthenium, 103, 789

combining weight, 172, 790

tetroxide, 789

Rutile, 759

Sal ammoniac, 93, 533

mirabile, 512
Salt of sorrel, 439, 495

Saltpetre, 81, 96, 346, 490

bacteria, 490
Salt springs, 507

Salts, 218, 225

acid, 296

basic, 276
behaviour of mixed, 245

complex, 565

crystallisation of mixed, 245
dissociation of, 274

neutral, 296

normal, 296

primary. 296

secondary, 296

solubility of, 241

Salts, thermochemistry of, 227

Salves, 19

Samarium, 590

combining weight, 172

Sandarak, 742

Sandstone, 448

Sapphire, 582

Sassoline, 458
Saturated compounds, 431

Scandium, 98, 590, 591

combining weight, 172, 578
Scheele's green, 741

Scheeletine, 771

Scheelite, 771

Schlippe's salt, 735

Schoenite, 564
Schweinfurter green, 741

Sea-water, 506

Second, 4

Secondary salts, 296
Selenic acid, 338
Selenious acid, 337

chloride, 338

Selenium, 92, 334

colloidal, 334
788 : combining weight, 172, 334

sensitiveness to light, 335

tetrachloride, 338
Seleniuretted hydrogen, 335
Sensitiveness of the balance, 33

Separators, 20

Serpentine, 568

Silicates, 449
Silicic acid, 449

Silicon, 95, 447

chloride, 452

chloroform, 453

combining weight, 172, 447

dioxide, 448

amorphous, 448

fluoride, 453

halogen compounds of, 452

hydride, 453

Silver, 101, 705

bromide, 709

gelatine plates, 709

maturing of, 709

carbonate, 712

chloride, 708

colloidal, 706

combining weight, 172, 706

compounds, complex, 716

solubility in thiosulphates, 717

cyanide, 712

fulguration of, 718

iodide, 710

metallurgy, 718

nitrate, 707

oxide, 707

sub-chloride, 708

sulphate, 712
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Silver, sulphide, 712

thiocyanate, 715

Similarity, principle of, 791

Simplicity, principle of, 791

Sintering, 146, 406

Slaking of lime, 541

Smalt, 99, 644

Smoky quartz, 448

topaz, 448
Snow crystals, 158

Soapstone, 568

Soda, 96, 520

ash, 521

caustic, 79, 179, 504

crystals, 521

felspar, 589

lime, 541

water-glass, 525

Sodium, 96, 497

acetate, 525
action on water, 127, 178

amalgam, 358
ammonium phosphate, 534

bicarbonate, 520

bisulphate, 516

borate, 525

bromate, 510

bromide, 508

carbonate, 519

chlorate, 106, 510

chloride, 506

chloroiridite, 787

chromate, 638

combining weight, 172, 526

dichromate, 638
flame coloration, 500

hydroxide, 504

hypobromite, 256

iodide, 508

metallic, 498

metaphosphate, 524

nitrate, 511

nitrite, 512

peroxide, 505

phosphate, 523

platinichloride, 784

polysulphides, 517

press, 500

pyrophosphate, 524

silicate, 524

sulphate, 5J.2

solubility relations of, 51 2X

sulphide, 517

sulphite, 516

thiosulphate, 517
Solar spectrum, 502

Solder, 525

soft, 525, 757

Soldering, 525
Solid bodies, 10

density of, 37

Solid-gas mixtures, 18

-liquid mixtures, 16
-solid mixtures, 14

solutions, 68

substances, influence on chemical

equilibrium, 145

vapour pressure of, 60

Solubilities, measurement of small, 542

Solubility, 467
and heat of solution, 243

curve, 508
influence of temperature and pressure

on, 242

limited, 69
of a salt in presence of its acid, 680
of different forms of a substance, 285
of gases, 299
of salts, 241, 468

influence of like ions on, 469

apparent increase of, 468
diminution of, 468

of unstable forms, 468

product, 470

Solution, application to the separation
of mixtures, 75

equilibrium, theory of, 469
heat of, and solubility, 243
law of, and law of distribution, 300

saturated, 467

supersaturated, 242, 467

Solutions, 66

boiling of, 71

colloidal, 450

electrolytic, 225

equilibrium in, 69, 469

freezing of, 70

gaseous, 68

liquid, 68
of volatile substances, 74

preparation of, 67

solid, 68

Solvay process, 523

Soot, 406

Space, 3

Spathic iron ore, 602

Specific heat, 793

Spectra, absorption, 591

emission, 591

Spectrum, 501

analysis, 105, 527
of hydrogen, 139
lines in the, 502

Specular metal, 758

Spinel, 583

Spirit, 432
of hartshorn, 368
of wine, 432

Spot test, 549

Square centimetre, 5

Stability, regions of, 282
Standard cells, 656
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Standard gas, 132

Stannates, 756
Stannic acid, 756

acids, condensed, 756

chloride, 755

hydroxide, 755, 756

sulphide, 757
Stannous bromide, 755

chloride, 754, 755

hydroxide, 754

iodide, 755

siilphide, 755
Starch iodide, 260
Stassfurt salt-beds, 478, 564

Steam, constancy of the temperature of,

55

Steel, 594

chromium, 632

tempering of, 594
Stone age, 449

Stoneware, 588

Strength of acids, 269
of current, 221

Strontianite, 571

Strontion, 571

Strontium, 97, 570

carbonate, 571

combining weight, 172, 570

hydroxide, 571

nitrate, 571

oxide, 570

sulphate, 571

Struvite, 567

Sub-chlorides, 200

Sublimate, 694

Substances, 1 -

amorphous, 158
characteristics of, 9

combustible, 109

deliquescent, 180

homogeneous, 12

pure, 66

undecomposable, 87

Substitution, 428

Sulphamide, 371

Sulphaminic acid, 372

Sulphur, 92, 281

amorphous, 284

bromide, 329
chlorides of, 329

colloidal, 328

combining weight, 172, 332

compounds, complex, 703
of phosphorus, 399

dioxide, 306

preparation of, 309
sensitiveness to light, 307

thermochemistry of, 310
flowers of, 284, 288

fluoride, 329

group, 334

Sulphur, milk of, 284, 305, 553
monochloride, 329

purification of, 288

regeneration, 522, 553
roll, 288

trioxide, 311
action of water on, 312
manufacture of, 311

thermochemistry of, 320

vapour, 287

Sulphuretted hydrogen, 294, 305, 608

analytical reactions, 302
as reducing agent, 303

evolution, theory of, 301
salts of, 297

strength of, 301

thermochemistry of, 305

Sulphuric acid, 311

applications of, 317

aqueous, 316
chlorides of, 329

decomposition of, 319

dihydrate, 316

fuming, 325
ions of, 316

preparation from ferrous sulphate,
312, 601

role of the oxides of nitrogen in the

preparation of, 364

solid, 315
test for, in analysis, 318

thermochemistry of, 320

Sulphurous acid, 306

bleaching action of, 308
dissociation of, 308

reducing action, 309

Sulphurylamide, 371

Sulphury! chloride, 330

hydroxychloride, 330

Supercooled vapour, 56

Supercooling, 49

Superheated water, 56

Supersaturated solutions, 242, 467

Supersaturation, 242

Sylvine, 478

Symbols, chemical, 173

Symmetry of crystals, 290

Sympathetic ink, 643

Synthesis, 422
with aluminium chloride, 584

Talc, 568

Tantalum, 102, 748, 750

combining weight, 172, 750

Tare, 36
Tartar emetic, 102
Tartaric acid, 471
Telluric acid, 340

Tellurium, 92, 334, 339

chloride, 340

combining weight, 172, 334, 339
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Tellurium dioxide, 339

hydride, 339

tetrachloride, 340

trioxide, 340
Tellurous acid, 339

Temperature, absolute, 115

critical, 415
influence on chemical equilibrium,

356
influence on density, 38
influence on solubility, 242
influence on velocity of chemical re-

actions, 110

normal, 111

scale, 114

Tempering of steel, 594
Tervalent elements, 402
Tetraboric acid, 459

Tetrachlormethane, 429

Tetrastannion, 755
Tetrathionic acid, 326, 328

Tetratungstion, 770

Tetrauranion, 767
Thallic hydroxide, 723

sulphate, 724

Thallion, 721, 722, 723

Thallium, 101, 721

combining weight, 172, 724
Thallous bromide, 723

carbonate, 722

chloride, 723

fluoride, 723

hydroxide, 722

iodide, 723

nitrate, 722

salts, 722

sulphate, 722

sulphide, 723

Thenardite, 516
Thermal capacity, 188, 462, 793

Thermite, 580
Thermochemical equations, 190

Thermochemistry, 191
of the halogens, 278
of hydrogen chloride, 227
of hydrogen sulphide, 305
of mercury, 704
of nitric acid, 350
of oxygen compounds of chlorine, 248
of salts, 227
of sulphuric acid, 320
of sulphurous acid, 310

Thermodynamics, laws of, 61

Thermometer, centigrade, 55

mercury, 45

Thio-acids, 441

Thioantimonates, 735

Thioarsenates, 746

Thioarsenites, 743

Thiocarbonates, 441
Thiocarbonic acid, 441

Thiocyananion, 446

Thiocyanic acid, 446

Thiocyanogen, 446

Thiogermanates, 761

Thiomolybdates, 773

Thioplatinic acid, 784

Thiostannates, 757

Thiosulphates, solubility of silver com-

pounds in, 717
use in volumetric analysis, 325

Thiosulphuric acid, 323

Thiotungstates, 770

Thiovanadates, 750
Thomas' slag, 554, 616

Thoria, 762, 763

Thorion, 762

Thorite, 762

Thorium, 103, 762

combining weight, 172, 762

compounds, radio-activity of, 810

nitrate, 763

rays, 764

sulphate, 763

Thulium, combining weight, 172

Time, 3

Tin, 103, 753

alloys, 757

amalgam, 758

combining weight, 172, 754

foil, 753

grey, 753

salt, 755

tetrachloride, 755
Tinned iron, 758

Tinstone, 103

Titanfluoridion, 759

Titanium, 103, 758

combining weight, 172, 760

cyanide, 760

dioxide, 759

nitride, 760

tetrachloride, 759

Titration, 215

Toluene, 38

Toning and fixing bath, 779

Toning in photography, 779
Total energy, 236

Transformation, suspended, 283, 516
Transition point, 282

influence of pressure on, 282
Tricalcium phosphate, 553

Trichromion, 632, 634
Triclinic system, 291

Tridymite, 448

Triferrion, 596

Trigallion, 751

Trigonal system, 291

Tri-indion, 752

Tri-iodidion, 263

Trimanganion, 620

Triple point, 59
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Trisodium phosphate, 524

Trisulphaminic acid, 372
Trithionic acid, 326, 327

Trititanion, 760

Trivanadion, 749

Trona, 520

Tuff, thermal, 545

Tungsten, 99, 765, 768

bronze, 770

chlorides, 770

combining weight, 172, 769

oxychlorides, 770

steel, 769

sulphide, 770

trioxide, 769

Tungstic acid, 769

colloidal, 769
formation of complex acids, 769

Turmeric, 178

Turpeth mineral, 694

Turquoise, 589

Tyndall phenomenon, 756

Type-metal, 737

Ultramarine, 589
Ultra-violet rays, 197

Units, absolute, 41, 112

electrical, 220
Unsaturated compounds, 434

solutions, 241

Unstable region, 515

Uranium, 99, 765

chlorides, 767

combining weight, 172, 765

family, 809

glass, 767

pitch blende, 767

rays, 768

penetrating power of, 768

phosphorescence due to, 768

production of conductivity in gases

by, 768

trihydroxide, 768

yellow, 767

X, 809
Uranous hydroxide, 767

salts, 767

Uranyl, 765
ammonium phosphate, 766

hydroxide, 766

ion, 766

nitrate, 766

oxalate, 766

phosphate, 766

sulphate, 767

Urao, 520

Urea, 422

synthesis of, 422

Valency, 401, 402

Validity of laws, absolute, 7

Vanadic acid, 747

catalytic -action of, 750

acids, condensed, 747

Vanadium, 748

combining weight, 172, 750

dichloride, 749

dioxide, 749

metallic, 749

nitride, 749

oxychloride, 749

pentasulphide, 750

pentoxide, 748

tetrachloride, 749

trichloride, 749

trioxide, 749

Vanadyl trichloride, 749

Vapour, concentration, 51

densities, varying, 352
of solid substances, 60
of water, 51

partial pressure of, 51

pressure, 50
of ice, 60
of small drops, 286
relations between changes of, and

the freezing-point, 163

supercooled, 56

Varnish, 620

Velocity, 29

Velocity of chemical reactions, influence

of temperature on, 110

Verdigris, 668

Vinegar, 427

Vitriol, 600
oil of, preparation from ferrous

sulphate, 601

Volt, 221, 665
Voltaic cell, 652, 664

complex salts in, 714

Volume, critical, 415
ratio of oxygen and hydrogen, 165

specific, 35

Volumes, law of, in gaseous combina-

tion, 168

Vulcanising of caoutchouc, 329

Water, 90, 126, 152
action of sodium on, 178
as solvent, 162

bath, 54
chemical properties of, 163
coefficient of compressibility of, 157
colour of, 152

composition of, 164

decomposition, 166

density, 153

dependence of its vapour pressure on

temperature, 51

gas, 425

glass, 493
hardness of, 546
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Water, heat of formation of, 188

heat of vaporisation of, 54

pure, 152

sea, 507

vapour, density and extensity of,

intheair, 160 /6
weight of one litre, 31

Waters, aerated, 417

mineral, 417

Watt, 665

Weight, 31

change of, in chemical processes, 24

conservation of, 26
increase of, on combustion, 78

unit of relative, 32

Welding, 594
Weldon mud, 622

Wetting, 17

White lead, 682

Witherite, 574

Wollastonite, 557

Work, 27
conservation of, 28

electrical, 665

lead, 687, 718
unit of, 31

World, outer, 2

Xenon, 96, 463

combining weight, 172, 463

X-rays, 800

Ytterbium, 590

Ytterbium combining weight, 172

Yttrium, 98, 590, 591

Zero, absolute, 114

Zinc, 99, 650

blende, 655

carbonate, 655

chloride, 654

combining weight, 172
commercial preparation, 651

dust, 651

hydroxide, 652

oxide, 653

oxychloride, 654

silicate, 655
solution in acids, 651

sulphate, 654

sulphide, 655

vitriol, 654

white, 653

Zincates, 653

Zincion, 651

Zircon, 761

Zirconia, 761

Zirconion, 762

Zirconium, 103, 761

combining weight, 172, 761

hydroxide, 761

salts, 762

silicate, 761

sulphate, 762

tetrachloride, 762

Zymase, 432

THE END
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